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PHOHLKMS OFTLINKD 

The secoiulpaporof this sorios doalt with variathni and iiihiTil- 
-^ance of size in Paranuoauiii during; reproduetioii by tission. 
Tlie present ])aper is an experimental and observatidnal study 
of the size relations in eonj illation. A IuUt contribution will 
(leal with the relation of eonjui^atioii to vitality a'n<l n‘])rodm'tion. 

Results pn'sented with biometrical analysis hav(‘ unfoiiunately 
come to incur in many (piartfTs tlie susi>i(‘ion that mathemati- 
cal treatment has been substituted for accurati* (‘xpia'inuoital 
and observational invest ii^ati(jn. The uuiiH'rieal analysis of 
results should of course be an aiblitiou, not a substitution; V)ul 
the experimenter should realize that without this addition (*x- 
periinental results may sound lines be as mish^adiu^ as statistics 
without experiment at ion ( ^‘wliieli is put tin^ it stroiiir”), Adcfiuate 
experimentation with adefjuate numerical! analysis is the ideal; 
toward this ideal my efforts, however short they may fall, have 
been directed in the present investigation. 

In taking up the relation of conjugation to genetic problems, 
I have thought it best to become acquainted at first hand, so 
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far as possible, not only with matters that have not been hitherto 
treated, but even with those that have been dealt with by previous 
iinestigators, in the latter case confirming or criticizing their 
rt .'-ults. This does not imply a precedent suspicion as to the 
accuracy of the work thus gone o\’er; it is done only in pursuance 
of a general policy, fijr one often finds matters of great import 
where they are least expected. Furthermore, the recent dis- 
cov^ery of the existence of many diverse races in Paramecium 
makes it needful to reexamine many phenomena in relation to the 
part played in them by these difTerent races. In any case, in 
this difficult field independent confirmation of another’s results is^ 
decidedly worth while. 

It will be well to set forth here an outline of the questions 
with whicli a thorough investigation of the size relations in con> 
jugation would have to dr^al. 

To ]\‘arl (’07) w(‘ ow<‘ tiu^ discovery of certain most interest- 
ing relations between the conjugating individuals of Paramecium. 
By an elaborate statistical investigation he showed (1) that the 
cotijugants of a eultun* of Paramecium are much less variable 
than the non-conjugating population, and have (as had before 
been noticed) ^a smalhu- rm^an size: (2) that there is a marked 
(I(‘gro(‘ of correlation in size between the members of pairs in Para- 
mceiiim; small(*r individuals being found mated with smaller, 
larger with larger. With these important matters, particularly 
in tluur relation to the rxisJence of diverse races, wo .shall ha\ 
to deal thoroughly. TJie precise questions liere are as follows: 

1. What ar(' tla^ facts as to the relative variabilitx and size 
of coiijugants and non-eonjugants, and wliat is their relation to 
the ('xistenco of races of divei*se size? 

2. What are the facts as to assortative mating; its determin- 
ing conditions, its peculiarities and limitations; its relation to 
the existeiic(^ of diverse races? 

3. What are the results, in inheritance, variability and evo- 
lution, of the smaller size and decreased variability of the conju- 
gants. as compared with the non-coiijugants? If we breed from 
a number of the conjugants. do they give progeny that are (a) 
smaller, or (b) h'ss variable, than the progeny of the larger, more 
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Variable non-eoiijugants? Does conjugation thus act as a [^re 
cess of excluding from the liiuM)f evolution individuals that vW' 
from the usual size? Sg 

4. Wiat are the results, in iulieritanc(‘, variability and evolv’P 

tion, of the assortative mating of i*aramecium? If \v(‘ isols ; 
(a) large, and (b) small, paim of conjugants, kei’))ing them unifc 
identical conditions, do they produce, r(‘spectively, large* an\ 
small races? Is there any difTerence betweem the proginiy o\ 
(a) pail's in which the two members are etpial, and {b) pairs in\ 
which the two members are nueijiial? ' 

5. What relation lias conjugation as a phvsioldgical {jroci'ss 
to the size of the individuals of tlu* stoc-k muha’going if* Does 
the size differ characteristically in dilTeiaait parts of tin* lib* cycle, 
as is sometimes set forth? Are tin* individuals at tin* t*(ul of the 
life cyele (just before eonjugatimi) larger or smaller than (liose 
at the beginning of tlie cych' (just afli'r ('onjugalion )? 

6. Wiiat an* the facts of inheritance iti conjugation? If tlie 
two conjugants of a pair difTer, an* the prog(*ny of lln’se two 
conjugants alike and intermediate l>etvve(‘n the twt)? Or will 
for example the larger member continue to pnaluce large individ- 
uals like itself, tlie small one small individuals like itself? Or is 
there some tliird possibility? Tin* laws of iEiberiAma* have m‘v<‘r 
been worked out f<kr this jieeuliar n'cljirocal b'rlilization, where 
both parents may contimn* re])ro(lu(‘tion. 

These (piestions we shall taki* up in dcdail. On most of them 
I hope to present data of im})ortanc(*, though on the (*xtremely 
important problem last raised 1 liav(‘ as yet Ih'Oii unaljle to get 
clear results on some of tlio points of greatest interest. 

In dealing with most of these questions, tin* existence of diverse 
races of Paramecia, as set forth in former pa]K‘rs,2 will Ik; found 
of extreme importance, in Paranu'cia imiltijilying by fission 
.there are many races or lines, differing in size and in other resjK’eis. 
A considerable number of these races w(*re isolat(*d; the mean 
length of the largest being more than doiihh* that of the small(*st, 
with many intermediate races. As will be recalled, each race 


* See Jennings ’08, and Jcnning.s and Hargitt UO, 
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within itsolf muny variations, due to differences in growth 

(1 environmental action, hut these variations within the race 
j.^^^. e not as a rule inherited, and under the same conditions of growth 
,^^,nd environment the race is uniform and constant. In ail work 
j^with co[iiugation, th(* (question whether we are dealing with a 
, ])ure race or with a mixture of races is of the greatest importai^; 
the significanc(‘ of the j)henomena observed is quite different 
in the two cases. 

I. TWK FAC'l'S AS TO ItKI.ATlVK SfZl-:, VAUIABILITY AND ASSORTA- 
'nVK MATINtJ I\ COXJCdATtOX 

The da(a given by 1^‘arl fT7j would seem amply suflicient to 
sliow that ill a conjugating culture the coiijiigants are smaller 
and less varialde than tlu' non-conjugant ))opulation, and that 
then' is a high degree of assort alive mating in Paramecium, A 
furthiT study of the facts is neinlcd, however. On the one hand 
it is (h'sicahh' that PeaiTs interesting results should be confirmed 
by in(h‘})enden1 observation, or n'ftited. The correctness of 
some of his n'sults has bei'ti called in question (Lister '06, Pear- 
son ’Dt), IVarl ’07). Further, there are a mimber of conditions 
not dralt with by Pearl that might ]>r6duce a correlation in size 
betwi'im the mernl)ers of ])airs; these need to be subjected to 
ex])erimental test, Ibwond this, many important relations in 
tliis matter remain as yet unknown; wv need a knowledge of the 
variations and limitations of assort ative mating, of the conditions 
on which it iliquanls, of its relation to the existence of diverse 
races, and ])articiilarly of its couseipiences in the later history of 
the stock. 

1 have therefore examined and made measurements of a num- 
ber of conjugal ing (‘ultiires with reference to these matters. After 
a numhiT of cultun's had thus been studied, it became necessary 
to test by comparative examinatiiui of cultures under coiitrollecl 
conditions, one aftiT another, many factors that suggested them- 
selves as possibly producing the observed relations (particularly 
the eorrelat ion between members of pairs). As a result , the quan- 
tity of material available for study of these matters becomes 
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' consisting of iuoi'(.‘ than thirty lots, aM'rap^ingl^OrG 

than one imndrctl pairs each. Some of theso lots wviv ‘wild' 
cultures, containing a nuinlwr of divoist^ liin^s or ran s, iM'hmgiug 
in some cases all to caudaluin or all to ;uir(‘lia; in other cases 
beiouging partly to caudatum. partly to aurelia. (Mlur lots 
consisted entirely of members of a single rai-e tn* ‘p\irc him,' 
having descended from a singh‘ individual: other lots <‘onsist(al 
of mixtures of two known races. 'Phe relations observed are 
naturally somewhat ditTia-ent in th('s(‘ diverse eases. 1 have 
dealt mainly with the measnremeuls of length, sinet' it is hen- 
that the phenomena of nrimarv importanei^ appear: eertain stud- 
ies of tlie br(‘adth relations will Imwever In* iound on lati’r pages 
( table 20] . 


MKTUODS 

The special nu^thods for tin- di\(a’se (‘xpta’inu'nts will Ix' tnen- 
tioned in the course uf the pap(‘r. Here it will he well to nxMititin 
mainly the methods of k^liiig ami of imasnivinenl. 

Tlie animals to Ix’ nieasiin'd w(‘r(‘ brought into a drop of wat<*r 
at the bottom of a watch-glass, then ovm’whelmed with the kill- 
ing fluid. For killing I used mainly Worcestiw's fluid ( 10 }x*r eent 
formalin saturattxl with c(HTosiv(* sublimate,}. I have laler found 
that chrom-osmic acid (1 ]>er e(‘nt osinie in I per rent ehroinir') 
has advantages in some res]x‘ets. lh)(h tin se Ihiids kill witlxmt 
distort ioji if j>roi)erly used. The animals w(Me nx-asunxl either 
in the killing fluid, or after traiisfen*ne(‘ to water or to 2^ j>er 
cent glycerine. C areful comparati\'(^ tiieasun'inenls before^ and 
after transference show(xl lliat no change is made by ])lacing in 
water or weak glyc(*rine. The most salisfaciory method is to 
remove with pit)ette a portion of the killing fluid from llx‘ watch 
glass, then to add 25 jxw exmt glycawimy in this tin* speciimms 
are kept till measured. AVith the \\’or(*es1er’s fluid ther(‘ is some- 
times an objectionable deposit of fine crystals, in the course of 
time; this d(x?s not happen with the chrom-osmic. 

In the early part of the work the animals were measured oti the 
slide, with the ocular micrometer. This liccojiu’s wry w{‘ariug 
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on the eyes; later the measurements were made by the aid of tlJe 
Ediiigcr drawing and j)rojection apparatus, which cannot be too 
highly recf)mmonded for the purpose. The animals are projected 
ntiich enlarged, on ttie drawing board, where they are measured 
with a millimeter ruler. I used a magnification of 500 diameters, 
so that eacli millimeter of the ruler corresponded to 2 microBS 
(0.002 mm.). The best method 1 found to be as follows: the ani- 
mals wore placed on a thin slide in a flat drop of the 25 per cent 
glycerine, with no cover (so that there was no danger of flatten- 
ing), proj('et(‘d, and measured. Without the glycerine in the 
fluid this metliod cannot be used, owing to the convection cur- 
rents and the rapid evaporation produced. 

In the nKaisureinents of conjugants the unit of grouping was 
4 microns, so tliat cjieh grouj) in the tables contains individuals 
varj'ijig frtun 2 microns below to 2 microns above the dimen- 
sion at the head of the column or row. In the original measure- 
ments, in many eas(\s, the unit employed was but 2 microns. 

''rjic constants of variation wore computed according to the 
methods and formulae set forth in my paper of 1908 (page 397). 
In tlie j)n'sent j)ai)er however we are dealing with cases W'here 
tlu‘ two things to be comi)ared (the two members of a pair) are 
alike, so that either oiu' miglit be entered in the rows or in the col- 
umns of the correlation table. In such cases double or symmet- 
rical tables have commonly been employed. In a recent note 
(’ll) I have shown that this is unnecessary, and that the compu- 
tations are performed with much less labor without the use of 
symmetrical tables. The method of computation set forth in 
this note was used in the present paper. In accord with this, I 
have formed the tables of correlation by entering in every case the 
larger member of the })airiuthe vertical columns, the smaller in 
the Iiorizonfal rows. 
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Table 1 gives the important constants for the length of con- 
jugants as compared with non-conjugants in a number of cul- 
tures developed in material brouglit into the laboratory from 
ponds or pools, so that th(‘ racial composition is unknown, lahle 
2 gives the same constants for cultures consisting (mtirely of a 
single ‘pure line' or race, all tlu‘ individuals being di'rivf^il from 
the fission of a single one; also those for e(u tain inixtun^s of known 
races. Talde gives the constants for a number of lots of <‘on- 

I'AULK I 

Coni/<i?i/s of vnriaiion i>i (t nyth for roiijiKjattl.'i oitfi toni-rohJii/jautA of rorotntrivm, fnmi 
wild cultures, of unknou'n racinl eotitjufsitmu . ' The oritjiuid fttnisuirmi nls of Imyth 

fur nil these icill he fou/nl in table 34 of the ajjponiii.r; the (offh s itf eorrt lallon for the 
cofijuepints, itt Ike ni)j)efuli.r, are iiidteal( (} in the nilmnn In mletT lahle' ) 
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jugaiits wliert’ tiir corrrsjioRding iimi-oonjugants were not 
exaininod. Tlie original measurements on which these constants 
are based will be found in the tables of the appendix; the more 
important ones in tables 114 and 35. 
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ith (“(‘rtiiin (‘xccptioris, tn Ix' latrr, the results 

in tliesn tables (‘onlirm J^^arl’s n'sults (1) tluit llie eorijujraiitsare 
smaller than tlie noh-conju^ant pnpulation of a eiiltun*; (2) that 
they are less variiihle (h.aii tlu’ nori-eonjut>:aii(s, an<l Ci) that there 
is a markial ]>ositive eoi'rcdatioii in si/a* b(‘t\v<‘eii the iraunhers of 
the j)airs, so that on the wliole larger individuals are found mated 
with hirger, smaller imlividiials with smaller. We sliall take up 
these matters sepjirately. 


REU\TIVK SIZE OP COXJUCJANTS AND NON-CON JT'O A NTS 

If we examine in the seven ‘ wihi’ cult u res of table 1 the ndalive 
mean lengths of the conjngants and non-eon jugants f>f a culture, 
we find, as shown iji tabh‘ 4, that in ev(‘ry ease save one the con- 
jugants are smaller than the non-eonjugants. In lots 1, 4 and 5, 
the difference between the means for the eonjuganls and non- 
con jugants is about 10 per cent of the mean length of the non- 
conjugant population; in lot 3 it is: 14 per cent. But in lot 6 
the difference is slight, being but 2.5 per cent of the mean for the 



12 


H. S. JENNINUS 


non-conjuKaiits, ami in lot 2 the mean length of the conjugants 
i.s actually the greater-, by a very small amount, thougli here the 
difference is not significant in comparison with the probable error. 
In this culture tlnm the conjugants are not perceptibly difTer- 
en tinted in size from the nomconjugants. 

In tlie four lots studied by Pearl (/07) the conjugants were in 
all cases smaller than the nomconjugants, by amounts vaiying 
from 11.5 j)er cent to 16.4 per cent of the mean of the latter, and 

TAIU.K i 

Dij[Jerencc-'< in li'mjth hetfvern nn<l nijn-t'oujuyants uf u'ild cullures. {The 

'relative dijfvrenre’ i)i the fourth coluinn xh(/u's irhat ptrerntage the diffi rente is of 
the noH-t'tfnJutjiinl menn) 
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it Jias been practically the universal testimony of observers that 
the conjugants are smaller than those not eonjiiKating. Our 
own results, as we have seen, confirm this for most cases, but not 
for all. How is the fact to be account oil for that in some cull ures 
the conjugants are not smaller? 

Light on this question will host he obtained by examining the 
relative sizes of conjugants and non-con jugants in cultures com- 
posed of pure races, and in mixtures of known racial conipositiou. 
The data are given in table 2 and in table o. In all tlu' elevi'ii 
cases of table 2 in wliich we can compare the conjugants and non- 
con jugants of a pure race, we tind tlie (“on jugants smalh‘r, by 
amounts varying from about 4 ))er cent up to more than 12 per 
cent, of the mean for the noii-conjugant )K)])ulation. All of 
these are races of aurelia, as I had no op[)ort unity to make ii 
careful study of the conjugants of a ])iire raci' of (“audatuim Jiut 
the fact that in wild eiiltun'S consisting mainly if not entin4y of 
caudatum, as was the case with all of Pi'arl’s material, and of 
our lots 1, 3, 4 and 5, the conjugants an' as a rule markedly smaller 
than the non-eon jugants, iiulicat(‘s strongly that this would 
hold generally for caudatum also. We may then tak(‘ it as 
established for aiin^lia, and j^ractically so for caudatum, that 
w'ithin any giviMi race the conjugants average smalliT than the non- 
conjugants. Why in some wild cultun^s the conjugants may not 
bo found smaller is shown by examination of the data for our 
mixed cultures (lots 20 and 21, table 2). Lot 20 consisted t)f a 
mixture of two races of aurelia, i and ('i. The racei:^ was smaller, 
averaging u:mally about 100 inierons in length, whili; the usual 
mean for C 2 was about 125 microns.^ Wlien eonjugation took 
place in this mixture, the conjugants were^all of the size charac- 
teristic for the conjugants of (as si town by comparing lots 16, 
a and 20, a of table 2), measuring 120.58 microns. Om jugants 
in a Durc race of i had bi’cn found to be much smaller, varying 
from 02 to 98 inierons in length. Thus it was clear that in the 
mixture 07 ily the race Co n'as conjwjatmg, and thi* measurements 


• For raeii^surcrnenCs of thej-e races iinrJer various conditions, see Jenninj^s '08, 
and Jennings and Hargitt '10. 
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for the conju^arits are of that race aloue. But the random sample 
of non-con ju^ant population contains representatives of both i 
and C‘i, and its mean size (122.44 microns), therefore lies between 
that of the two races. It is therefore less than that of the con- 
jugants. The conditions in tJiis case are illustrated in fig. 1. 
They are w(41 brought also by a comparison c)f the mea.su remen ts of 
the conjugants and nmi-conjugants of lot 20, as given in table 35. 



EiR. 1 Ty[)ic;il group of sfirciincns from ;i culture consisting of a mixture of 
the large race t'j anti the small rare i fhoth aurelia). Conjugating pairs all Ct. 
X 333. 


The reverse eondition is givtui by the mixture of and k 
(lot 21, tables 2. 5 and 34). Here the conjugation was only in the 
smaller race wiiile the non-conjugant sample includes also many 
of the largo race /.>. .Vs ti result the conjugants are verj' much 
smaller than the mt'an for the mixture as a whole, the difference 
being 30.6 per cent this mean. 
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Tht'so cases show tliat when more tliaii one race is present in 
a mixture, the members of one race aloui‘ may conju^iate. If this 
is a larj^e race, the mean size of tlie»coujii^ants may 1h‘ (Hpial to 
tliat of the po])ulation as a whol(\ or (‘ven larger than tliis. This 
is (loubth‘ss the exiilanation for lots 2 and b, (ahl<‘s 1 and 1; here 
we are dealing with cultures of unknown racial composition. As 
a matter of fact 1 did, by s<T‘ction an<l ])r()paga(ion, is<ilale a 
number of races of divt'rse size from lot (>; from it (“ame tlie raci'S 
k and /> 5 , as well as a number of otluM's. 

Thus when we ai’c dealin^^ with a single ra<’e the conjngants 
are always smaller t ban the non-<‘onjiigant p(j]nilat ion, by amounts 
varying from 4 jier c('nt to Id per (*ent (or nn)r(‘) of (he mean 
for the latter. Tin* xariatioii in tin* jiroportional dilTer(*nc<* !>(*> 
tween the (w*o in diiTerent cases i.s readily accounted ft)r the fact 
that soiiK'times multiplication is occurring during an e])idcndc 
of conjugati(fi, at other tinu's not. In the former case many 
young will bo present, r(*ducing tin* m(*aii l(*ngl!i for the uon- 
conjugants, but init alTecting that for the conjngants, It is to 
be noted however that the nn'ati size of tin* conjugants may ditlcr 
a certain amount under difTen*nt (‘onditions in the same race. In 
the race k the mean size at tin* (‘[jidemii* of february ‘Jli, 1!)()S, 
was 110.71 microns ( table 2, lot 11) whih* at tin* epidj-mie of Sr*])- 
tember 12, lOOS, it wa.^, in tin* afternoon, 12!h5S microns (lot Idj, 
a ditference of 11.02 per cent of tin* smaller nnam size. This is 
the greatest difference in m(*an size observed bi*tw(*i'u tin* cou- 
jugants of a givon race. It is to i)(* oi>s(“rv(*d tiiat this diiT(*r(*n(’e 
is not one ari.sing ])rogr(‘.Ksivelv ov(*r long jx'riotls, for imt a wa‘ek 
before the minimum, tin* conjugants of tliis same rac(i sbowi'd 
practically the maximum size* (conipan* lots 10 and 11, tabh* 2). 
The difference is undoubtedly due to the varying nutritive; condi- 
tions at tlio time of conjugation. 

But in cultures of unknown racial compeisition, the conjugants 
may be very much smaller than tin* av(‘rage for all fas in lot 21), 
or they may l>e equal to or larger than the average for all, depend- 
ing on the relative size of the races f)res(‘ut, and upon which of 
th^ races the conjugants belong to. 
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The consequences in heredity of the decreased size of the con- 
jugantvS will be taken up later. 

RELATIVE VARIABILITY OF CONJUGANTS AND NON-CONJUGANTS 

Examination of tables 1 and 2 confirms further Pearl’s dis- 
covery that the conjugants are not only smaller, but also less 
variable than the non-eonjugant population. A comparison of 
the original measurements for the conjugants and n on-con ju- 
gants, as giv(*n in tables M and 35 of the appendix, renders this 
difference in variability at once evident to the eye. Tn every one 
of the eases givaui liy these tables, both the absolute variation 
(as shown by tin* standard deviation) and the relative variation 
(as shown by tlie coefIici(‘nt of variation) are less in the conju- 
gants. In a few cases the diffiTonce is but slight and would 
p(!rhaps be hardly significant, taking each of the|e cases sepa- 
ratel}', in comparison with the probable errors. But the fact 
tliat it is always the conjugants which show the lesser variability 
is verv signiticant, especially when we consider the much more 
numerous cases in which the varial)ility of the conjugants is much 
U‘ss tlian that of tiu^ non-conjugants. 

T1h‘ differenc<‘ between the variability of conjugants and non- 
conjiigants itself varies greatly in different cases; in other words, 
sometimes tlie conjugants are but little less variable than the 
non-conjugants, wliile in other cases they are very much less vari- 
ahl(\ This is exhii)ited in table fi. fn some of the wild cultures 
tlie coefficient of variation of the conjugants is but 5.1 per cent 
les.s than tliat of the non-conjugaiit.s (lot 2, where the difference is 
indeed of no signiticance in comparison with the probable error); 
from tfiis minimum it varies no to a difference in lot 4 of 58.1 
per cent, -“the coefficient of variation for the conjugants being 
less than half that for the non-conjugants. In the pure races 
the least difference between the coefficients for the conjugants 
atul non-conjugants is 8.1 per cent of that for the non-eon jugants 
(lot 17), rising to 50.3 per cent in lot 15. If we make an average 
of these numbers showing the difference in ^’ariability for the elyen 
lots of these races in table 6, we find it to be 33.01 per cent. 



CONJUGATION IN PAKAMKCIUM 


17 


CAUSES OP THE LESSENED VARIABILITY OF (ONJCtiANTS 

What is the cause of this lessened variation the eonju- 

gants? A number of different possible factors may be con sabered* 

/ . 6^a ineiic d ijjercniiiiiion 

faster (‘OG) suggested that the cause was as follows: Tlie 
conjugants are differentiated gaj uetes. In nnaisuring them we 
are dealing only with this particular class, while'in tlie non-con- 
jugant population we include many gametes, many in the process 
of differentiation into gametes and many tliat are not gairu‘tes; 
hence tlie non-conjugants are a heterogeneous lot and must give 

TAHLK ^ 

Difference in variabiUly between cotijugnuts and uon-eorijugants 

* iitanuari) ijevmtion rDRKFintivrr or v^ihation 
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a greater coefficient of variation. This suggestion contained 
perhaps the germ of a correct explanation, but erred in empha- 
sizing a sup post'd (JifTerentiation of the gametes from ordinary 
adults. Pearl showed that in cultures .which arc not conjugating, 
nor near a period of conjugation, the coefficients of variation are 
as great as for the general population of those containing conju- 
gaiits f'07, p. 231), and my own extensive data ('08) confirm this 
fully. In sucli cultures there are no gametes and no specimens 
in the process tjf differentiation into gametes, so that heterogene- 
ity on this scon; cannot account for their greater variation as 
compared with the conjugants. 

2. Equaliznlioti 

Pearl ('07, p. 202) discusses the jiossibility that a process of 
(•(jualizatiott has occurred during conjugation; “that the pro- 
cun jugants w(‘re simply a random sample from the general poo- 
ulation having equal variability with it," and tliat the decrease 
in variability is <lue to “a pronoutua'd tendency toward equali- 
zation in size of the two riK'Hibors." He adduced evidence to in- 
dicate that such a process of (aiualizatiou does not occur to any 
considerable degree. A tendcaicy to equalization does exist, as 
we shall see later, but (as will later ap])ear) it is not of such a 
character or d('gre(‘ as to account for the greatly decreased varia- 
bility and smalh'r size of the conjugants. Moreover, as we shall 
immediately see, such an explanation is gratuitous, since there 'is 
a fully adc'quate explanation on other grounds. 

(rrowth 

In my pai)er of UK)8, I showed that a large proportion of the 
variation in an ordinary culture of Paramecium is due to growth. 
A random sample of the population includes young individuals, 
that are very small; individuals in all stages of growth up to the 
largest sizes and individuals that have again decreased in length 
prjcparatory to fission. Now, the conjugants include neither ^le 
young, small individuals, nor the largest ones. Hence they show 
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much less variation than the population as a whole. The same 
thing would be found true l in possibly a less degree) for man or 
any higher animal: mated couides would i)e found on the whole 
less variable than a general .^am]>Ie of the population (hat iiH'hidt'd 
children. In one respect tlie condition in tlie infusorian is 
peculiar; the eonjugaiits do not grow so iarg(' as tlie individuals 
that are to undergo fission without coiijugation. Thus t Ik' conju- 
gants represent a ratfier definite, limited stage of growth, (‘XchnU 
ing the extremes at both ends. That this is fully suflicicnl to 
account for the lesser variability of tlie coujugants Is dcimmst rated 
by the fact that noii-eoiijugants at a d(‘finite growth stagi* show as 
little variability as do coujugants. Th(‘ coeilicmuits of variation 
in lengtii for conjugants rang<‘ as a rule from o to S j)(‘r <*(‘nt, a.s 
shown in tables 1 and 2, and in Pi^aiTs tables. In my paptu* of 
1908, I showed that iudi^aduMls la^ginning fission iiind therefore 
at a fairly definite growth stage) si low nK'tliimmts uf variation as 
small as those for conjugants, and differing as much from those of 
the general pojiulalion (]>. 454). ( 'o<‘llieients of variation ;is 

low as 4.5 were found for sam[)lcs of a definite* age. 'I'lie low vari- 
al)ility of conjugant.s is then fully aecounted for l^y tin' fael that 
conjugation do(‘s not occur till a c(‘rtaii) stage of growth has lieeii 
reached; and that conjugation occurs lu'forr* tin* animals have 
reached the largest size, that prer-e'rh's fission. 

One of the most striking tilings to be ubseuAed in a eoujugat- 
iiig culture is the existence along witfi the i-orijugants of many 
individuals of much greater size tlian the coujugants. This will 
best be seen by comparing th(* measurements of conjugants and 
non-conjugaiits of given lots, as exhii)ited in (aides 54 and 55 of 
the appendix; it is indicated in tables 1 and 2 by the fjict that 
the range of variatimi invariably ex ten r Is to much higlicr limits 
in the non-conjugants than in the conjugants, as well as by the 
fact that the mean is higher for the former. Tig. 2 sho\i.s a col- 
lection of conjugants and non-conjugants from a cultun* of the 
race k; the specimen marked e shows oni; of the very large non- 
conjugants. It is easy to isolate from a conjugating culture many 
non-ionjugants that are larger than any of the conjugants. 
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Increase in size and variability of the conjugants before fission. 
Further evidence as to the significance of the decreased size of 
the conjugants will be reached by asking the following question : 
Do the conjugating individuals remain smaller than the non-con- 
jugants; or do they increase in size before they divide, till they 
finally reach the size of the large non-con jugants? A parallel* 
(juestion may be asked regarding the variability of the conju- 
gants; does this increase to the normal amount before the ex- 
conjugants divide? 



showing the rcititive sizes. X 3H3. 

On these points observations were made for a number of cul- 
tures; those for lot 6 (of table 1) are the most complete. From 
this lot I selected fifty of the largest non-con jugants, all larger 
than any .of the conjugants, and compared their dimensions with 
the dimensions of conjugants about 36 hours after separation; 
also with random samples of conjugants and non-con jugants. 
The results are given in table 7. 

As this table shows, the conjugants before dividing increased 
in size till they were fully equal to the selected largest non-con- 
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jugant individuals. The mean dimensions of the eoiijuganU 
increased before fission from 181.49 by 4S.11, to 214. IS by 94.24. 
These later dimensions of course exceed greatly the mean for the 
non-conjugant population. 

More extensive data on the increase in size of the eonjugants 
before fission,. though \vithout comparison with (he noii-eonju» 
gants, is given in table 19, on page 09. Here the eonjugants of 
the two wild lots (22 and 23) had increased in length 20.02 p(‘r 
cent and 11.70 per cent, respectively, after separation; those of 
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race k (lot 24) had increased 21.82 jx-r cent, (’omparing the 
size of the separated eonjugants of race k as given in table 19 with 
the size of the non-conjugants as given in table 2 (lots 10-13), 
we find that the corjugants have liecome before fission fully 
as large as the non-conjugant jiopulatiou. 

Tables 7 and 19 show also that the variability of the eonjugants 
likewise increases considerably after they separate. In lot 6 
(table 7) the variability in length of the separated' ccjnjugmit.s 
approaches that of the non-conjugants. The coefficients of 
.variability for the separated eonjugants of table 19, while con- 
siderably larger than those for the united Cf^njugants, are some- 
what beIo\v tho.se usual for the non-conju gating population, as 
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shown in tables 1 und 2. There is of course an intelligible reason 
for their variability remaining less than that of the non-conjugant 
population, for, the latter includes young individuals as well as 
old ones, while the ex-coujugants consist entirely of old individ- 
uals. There is no indication of a real differentiation of the con- 
jugants from the non-con jugaiit population in respect to varia- 
bility save as a result of this exclusion of 3’oiing specimens from 
the conjugants. 

The general cfmelusion would therefore seem to be justified 
that the conjugants an' not differentiated from the non-con jugants 
of the sam(‘ race, sav(‘ temporarily, the differences disappearing 
})ractically Ixdon' the first fission of the conjugants. 

. Racial differences 

We lia\'(' seen the cause of the lessened variability of the con- 
jugants within a pure race. Another ground for less variability 
in the conjugants, when the culture is not limited to a single 
ra(*e, is seen on examination of the data for the mixed cultures 
(lots 20 and 21, table 2). Here the coefRcients of variation for 
the eonjugants are respectively (iO.O per cent and 76.9 per cent 
less than that for the non-conjugants; or to put it another way, in 
lot 20 the variability of the non-eonjugants is 2.54 times as great 
as tliat for the conjugants ; in lot 21 it is 1.33 times as great. The 
remarkable diiTc'rences l>eeome evident to the eye on comparing 
the measununents of the eonjugants and non-conjugants of these 
lots, as shown in tables 34 and 35 of the appendix. These great 
differ(‘uc('s in variability are due to the fact that but one of the 
two races present conjugated; so that the non-conjugant sample 
included members of two di^Trse races, the conjugant sample 
but one. As shown elsewhere (Jennings TO), it frequently hap- 
pens that ill u mixture of races but one race conjugates. This must 
oftfflii greatly atb'ct the relative coefficients of variation in wild 
cultures of unknown racial composition. 

We conclude therefore that the less variability of conjugants 
as conqiared with non-conjugants is due (1) to the fact that the 
conjugants include only a limited number of growth stages, inter- 
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mediate between the largest and the smallest; (2) to the fact that 
in mixed cultures not all the races conjugate at the same time. 

The consequences of the lessened variability of tlie eonjugants 
will be considered later. 

ASSORTATIVE JIATING 

Fearrs cx-plnnation 

Pearl (’07) concluded from his study of conjugating Paramecia 
that there is a marked degree of assortati\'(‘ mating in these 
animals, he., that large individuals tend to mate with larg(‘ 
ones, small individuals with small om^s. This is an (‘xtreinely 
important matter (as Pearl well recognized) for tlie understanding 
of heredity, variation and evolution in these organisms, and we 
must examine into the matter with care. Is there actually assort- 
ative mating? What are its degrees and limitations; wliat are 
its causes; what its effects in heredity and variation? 

In the study of these matters the method used by Pearl, and 
the one we shall to a large degree follow him in using, is to study 
the correlation between the members of pairs. W(‘ shall howevtT 
endeavor to put to the test of experiment such (luostions as are 
open to it, and to combine the statistical and experinumtal study 
with the results of direct observation. We shall take up first 
Pearl’s explanation of how assortative mating occurs; then give 
an account of direct observations of th(5 process of conjugating, 
in their bearing on this explanation. We shall tlnm enter upon 
a statistical and experimental analysis of the facts. 

Pearl showed that when wo measure the individuals making 
up the pairs in a lot of eonjugants, there is a rather high correla- 
tion between the two members; that is, large individuals are found 
mated with large, small with small. The details and degrees 
of this shall take up later. Pearl’s explanation of this cor- 
relation is that there is a real assortative mating larger indi- 
viduals mating with larger, smaller with smaller. The way in 
which this assortative mating is brought about, according to 
Pearl, is essentially the following: In a typical conjugation th(^ 
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two individuals first place their anterior ends together; these 
adhere. Then the two bodies are brought in line, and if the two 
mouth.s come in contact, they adhere, and conjugation becomes 
complete. Now it is evident thataf the two animals are not of 
approximately the same length, mouth and anterior tip will not 
both come into contact, and conjugation will therefore not be 
completed; in this case ‘'the individuals.separate again or die, and 
no conjugation results.^' Hence it is only individuals of approx- 
imately the same size that will conjugate. 

This explanation of Pearl’s is based to a certain extent on 
observation of the process of conjugation, and its essential correct- 
ne.sH seems highly i)robabie. But Pearl himself was able to make 
but few observations on the behavior in the process of conjugat- 
ing (as he notes on p. 200 of his paper), and it will be well there- 
fore to add what we can along this line. Some of the details 
are of much importance for understanding the limitations as well 
as the potentialities of the assort at ive mating. We shall examine 
first the tyi)ical cases, then some of the variations. 

OnSEHVATION OF THE PROCESS OF CONJUGATING 

The first contact between the individuals about to conjugate 
is very commonly at the anterior tips, and I am able to give figures 
of a number of pairs in which the process had gone no farther than 
this (fig. 3, a, />, c). The two tips where they meet form projec- 
tions and depressions, which interdigitate and hold the two 
together. This I have often noticed in the living specimens, and it 
is indicated in fig. 3, at 6. Then the bodies themselves are brought 
together. There is at first no union except at the anterior tip, 
until the mouths are reached. These then unite, so that the ani- 
mals are held togetlier at two points only. This stage in the 
process is represented by c, /, g (fig. 3), drawn from preserved 
inattu'ial. 

Then the bodies become closely applied to each other through- 
out the stretch from anterior tips to mouth, and for a certain dis- 
tance behind the mouths. Apparently however the union is 
uyt so firm elsewhere as at the anterior tips and the mouth; 
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Fig. 3 CharactA*istic attitudes in conjugation. All are drawn with the pro- 
jection apparatus from fixed specimens, save h, which is a free-hand sketch from 
a living pair, a, e, f belong to the race k; c, d, g, i, j to the race C 2 ; b, k and I 
to the race c (all aurelia) ; a, 6, and c, stages with only the anterior tips in contact; 
c, f, g, anterior tips and mouths in contact; A, reversed pair, at beginning of con- 
jugation; ifj, most complete union; k, view of pair in profile, showing the crossing 
(also seen in t); /, last stage, just before comnletc separation. Magnification (for 
all but k), 333 diameters. 
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sfK'cimens not in contact elsewhere than at these points are fre- 
(juently seen. These facts are noted by Pearl ('07). 

But this state of full contact is by no means reached without 
variation and actives movements. ^ On the contrar}^ there is 
frequently a period of twisting, turning, contracting, and shift- 
ing about, before the final result is reached. Certain points are 
important. 

1. At first apparently only the anterior tip (and possibly the 
mouth) is adhesive. The anterior tip of one specimen may ad- 
here, at least temporarily, to almost any part of tlic body of an- 
other; certainly to any i)art of the oral surface. Thus one often 
sees most irregular adhesions, the first specimen perhaps trans- 
verse or oblique to the second, adhering by^ its tip to the middle 
of the oral groove of the second; or one specimen is attached to 
the i)ost<‘rior half of another, trailing behind it; or three or four 
may bo irregularly attached. Sometimes the animals become 
attached in reversed position— the anterior tip of one to the pos- 
terior j>urt of the other, as in fig. 3, h. Such irregular attachments 
have frecjucntly been described and figured. 

2. ff irregularly attached, the animals begin to pull, twist, 
coiitract, and shift, till the relative i)ositions are many times 
changed. Not rarely one sees a pair completely separate, to 
reunite in a iiew position, More often they remain in contact, 
hut the relative position and tht; parts In contact are changed 
by gliding and pulling. I have frequently seen pairs in the re- 
versed position of li, fig. 3, that finally came into the normal posi- 
tions, and underwent a tyjiical conjugation. On the whole the 
period of ‘fitting’ in conjugation is one of great and varied activity. 

3. Among the movements at this period of ‘fitting’ are con- 
tractions and bending. One gets the impression that the animals 
are making an active ‘effort’ to bring the mouths into contact. 
A certain amount of cur\’ing of the anterior tips ife common even 
before the mouths have come in contact. If when the bodies 
are broiiglit in contact the mouths do not match, the curving and 
bending becomes veiy marked as in c, /, y, h, fig. 3., This is of 
course most necessary when the two individuals are not of the same 
length; the longer then may become curved (as in /and fig. 3, 
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and in e and h, fig. 15); so that a considerable degree of equaliza- 
tion in lengtii may occur. In measuring the animals it is difficult 
to detect or allow for this curving, as the animals in conjugation 
are slightly oblique to each other in any case (owing to the obli(]ue- 
ness of the oral grooves). In actual practice, most sucli equalized 
pairs are measured by simply taking the distance from anterior 
to posterior tips, in the two specinunis. This tends of eourse 
to produce a correlation that did not exist before the union. 

It is however important not to exaggerate tlie generality or 
amount of this equalization, and especially to reme[nbcr that it 
is only one phase of a process of fitting, the nnuainder of which 
would lead to real assort ative mating. 

4. All of this shifting and contraction may b(‘ insullicient for 
producing a proper fit* in such cases the animats separate. Such 
seimraiion is often ohsened. This is of covirse an essenlial point 
for producing real assortative mating. It appiairs clear tliat 
individuals of nearly the same size must fit readily, and that the 
more unequal they are, the less likely they are finally to fit and 
remain united. 

5. From the description thus far, it is clear that the first attacli- 
ment may not be at the anterior tips of both individuals, ft is 
more likely to be here, because both anterior tijis are adliesive, 
while most of the rest of the body is not. But the anterior tip 
of one may come in contact with the oral surface of the other 
some distance behind the anterior tip of the latter. If the two 
animals arc equal, of course the two mouths will now not come 
together, until the positions have been shifted; but if the two ani- 
mals are unequal, — if the one lying more to the rear is shorter, — 
the mouths may then come in contact, and complete conjugation 
will take place between unequal specimens. Thus the assorta- 
tive mating, or the correlation in size between two nuanbers of a 
pair, cannot be expected to be complete, since many unequal 
pairs are found. A number of such are shown in fig. 15, page 53. 

Thus on the whole direct observation of the process of conju- 
gation and of the conjugated pairs is favorable to Pearl’s view 
that real assortative mating occurs, and to his explanation of the 
way it occurs. One important point, not brought out by Pearl, 
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results from our description, — namely, that there is a real tend- 
ency toward equalization in length of the members of the 
pair. This of course tends to produce correlation where it would 
otherw'ise not exist; in other words it gives, so far as it goes, an- 
other explanation of at least a portion of the correlation, and one 
which would deprive the process of its significance for variation, 
heredity and evolution. So far as direct ob6er\'ation goes, how- 
ever, this factor may be of very slight value, accounting for but 
little of the observed correlation, but it must be kept in mind ih 
the statistical ami experimental work, and evidence as to its real 
value obtained if possible. 


CORK ELATION IN SIZE IN THE MEMBERS OF PAIRS OF CONJUGANTS 

We will now examine the facts as to the correlation in size of 
the members of a number of lots of conjugants. The data are 
given in tables 1, 2 and 3, pages 9 to 11, table 3 giving the facts for 
a number of lots in w^hich only conjugants were measured, w^hile 
tables 1 and 2 relate to lots in which a comparison was made be- 
tween conjugants and non-conji!gants. In all these tables the 
data arc for conjugating pairs measured while still united; later 
will be found the facts regarding correlation in pairs measured 
after separation (tables 19 and 20). 

MEANING OF THE COEFFICIENTS OF CORRELATION 

In all these tables the degree of correlation is stated in terms of 
the coefheient of correlation; coefficients will be found varying 
from -0.193 to -f 0.940. In order to grasp clearly wffiat is 
meant by correlation, and b)* the different coefficients of correla- 
tion, it will be helpful to examine the pairs shown in fig. 4, and 
the diagram of tig. 5. 

Fig. 4 shows a number of pairs selected in such a w^ay as to 
exhibit the condition of affairs in the case of marked positive cor- 
relation. Where one member of a pair is large, the other is like- 
wise large, and at the other end of the series both members are 
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siriall. Thu.s if we select the pairs according to the size of one 
riieinber only, wc shall nevertheless find the other member to 
have nearly the same size. 

If in all the pairs of varying size the two members of each pair 
were precisely equal in length, then the correlation would be com- 
plete; the coefficient of correlation would be unity (1.000).'* But 
what is meant by coefficients of correlation less than 1.000; by 
such cocffici(‘iits as 0.398 (lot 1, table 1), or 0.507 (lot 3, table 1)? 
And what is th(^ ditTereiice between the two latter cases? Wh? 
should lot 3 be given preci.sely the coefficient 0.507, in place say 
of 0.275 or 0.800? It is this (luestion that the diagram of fig. 5 
is intended to assist in answering. 

Suppose w(^ tak(' all the 300 duals forming the 180 pairs 
of lot 1 (table 11 , ])age 47) and group them accoixling to their 
lengtiis into groups at intervals of four ijiierons. We thus ob- 
tain 29 groups, th(‘ smallest 148 microns long, the largest 200 
microns long. We then place these 29 groups side by side, be- 
ginning with the largest and proceeding to the .smallest, as in fig. 
4. JJut instead of giving the actual outlines a.s we did in fig. 4, 
we use iiK'rely lines giving the length of each group. This gives 
us tlie A'crtieal lines of fig. 5, — the length of the largest individuals 
lM‘ing represented by tl\e lir\c A-B, that of the smallest by the line 
C-D^ the others by tlic intermediate liiie.'^. Tlnm the ends of these 
lengtJis form tlie oblique line 7i-7), The average length of 
all is shown by the line 0-0'. 

Now supi)ose we examine the mates of the individuals of these 
groups getting the average length of the mates for each group. 
If correlation were complete (coefficient 1.000) the mates would 
be of the same lengths as the first individuals (which we may call 
the prinvipaL^); their u])per ends would lie on the same line B-D. 

* It U worthy of speri:!,! notice tlnit in the [lartieiilar case of correlation w’ith 
which we are <lealinf^. where the two inernbers arc of the same sort, this absolute 
equality of the t\yo nnunbers of the varying pairs is the necessary condition for 
nroducing the coetlieient I.(X). In other cases of correlation this is usually not the 
case. Thus it would b(' possible to study the correlation between the bodily stat- 
ure and the length of the little finger in man. In this case complete correlation 
(coedieienl l.tX)) would mean that the same proportion of one to the other was 
present in all the varying cases. 
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Fig, 5 Diagrjim to iliustrutc correlation in size ix'twa'cn tlic incnilxTs of pains in 
lot 1 (see explanation in the text ami compare fig. 4;. The vc-rtical lines represent 
the lengths of individuals of the dilTerent classes arranged in r)rder from longest 
(2G0 microns) to shortest (148 microns), their term inat ions tracing the ohluiue 
line /i-0. The distance from A C to 0-0' .shows the average length for all. The 
distance from A-C to the brok(‘n line E-F .shows the lengths of the inateti of the 
classes of imlividuals represented by the vertical lim^s. The general trend of this 
line E^F is shown by the line X~Y (Tegresshm line'), d'ho value of the eoelbcient 
of correlation is given by the proportion which the line 0-A' is of the line 0-/T 


But in fact we find that the mates are not of exactly the same 
lengths as the principals. Thus in lot 1 (table 11, page 47), 
the two individuals having the length 160 microns (40 units) 
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have mates respectively 164 microns and 196 microns in length, 
so that the average of the mates is 180 microns. We thus work 
out the average length of the mates for each length o^ the prin- 
cipals; this gives u.s the results shown in table 8. As this table 
shows, the length of the mates increases on the whole as the 
length of the principals increases (though not at the same rate), 
so that larger individuals have somewhat larger mates. 

Now we mark on the diagram of fig, 5 the lengths of the mates 
correspdhding to the lengths of each group of principals repre- 
sented by the vertical lines; we find that these lengths of the mates 


TABLE 8 

Mean lengths in microns of the mates for the individuals of diverse given lengths, tn 
the 180 pairs of lot 1 

NtJMHKK or PAIHS I.KNOTH OF PRINCIPAl. EA.N LENGTH OF MATES 


1 

148 

188.0 

1 

152 

192.0 

2 

160 

180.0 
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164 

181.0 

2 

168 

182.0 

4 

172 

192.0 

11 

176 

188.4 

23 

180 

,192.3 

19 

184 

190.0 

29 

188 

194.9 

36 

192 

194,2 

35 

196 

198.9 

41 

fiOO 

200.6 

38 

204 

202.4 

34 

208 

204.2 

31 

212 

205.0 

15 

216 

207.5 

15 

220 

201 6 

6 

224 

205.3 

4 

228 

206.0 

4 

232 

202.0 

1 

236 

248.0 

1 

240 

228.0 

2 

248 

222.0 

1 

260 

212.0 
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are distributed on the irregular (hea^7) line E-F, The course 
of this line shows that the smaller individuals, near the side 
C-D, have mates larger than themselves; that the larger individ- 
uals (near A-B) have mates smaller than themselves, while the 
intermediate individuals have mates of nearly their own size. 
But it is on the whole clear that the line E-F docs slope a little 
in the same direction as B-D, only less; large individuals in the 
left half of the diagram do have larger mates than the smaller 
individuals, in the right half. That is, there is a certain (l(>gree 
of positive correlation between the size of individuals and the size 
of their mates. To show how marked this is, we may draw a 
straight line X-F, showing the general trend of the slope of the 
broken line E-F. (The method by which this line is drawn will 
be taken up later.) The line X-Y shows approximately what 
would be the course of the line E-F if we had an infinite j lumber 
of cases; the irregularities in E-F are due to the limited number 
of pairs with which we must deal. We may therefore look upon 
X-Y as showing us the real mean lengths of the mates of the 
individuals having the lengths shown by the vertical lines. 

The position of this line X-Y with relation to the position of the 
line B-D is now the important point for determining the degree 
of correlation. We see that X-Y rises above tlKMiu'an (0-0') 
where B-D rises above it, and falls below the mean where B-D 
falls below it, thus sloping in the same gtmeral direction as B-D. 
If A^-F did not slope with B-D, but were instead quite horizon- 
tal (coinciding with 0-0'), then there would be no correlation 
(coefficient 0), since this would show that small individuals and 
large individuals had mates of the same average size. On tJie 
other hand, if X-Y not only sloped in the same direction as B-D, 
but actually coincided with it (so that all specimens had mates 
equaling them in size), then the correlation would be complete 
and the coefficient would be 1.00. But as a matter of fact X-Y 
falls neither at 0-0', nor at B-D, but between the two, -and 
its precise position is what determines the numerical value of the 
coefficient of correlation. The line X-Y cuts off at X just 0.398 
of the entire distance from 0 to B (that is, it cuts off 0.398 of the 
angle between the lines 0-0' and B-D) ‘, therefore the coefficient 
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of correlation is 0.398. If X fell half way between 0 and Bj the 
coefficient of correlation would be 0.500; if it fell nine-tenths of the 
distance from 0 to B, the correlation would be 0.900, etc.® 

In place of measuring the proportion of the distance 0-B cut 
off by X, we could of course measure on any of the vertical lines 
of the diagram the portion of the distance from the line 0-0' 
to the line B-D that is cut off by X-Y\ the result would be the 
same. 

Fig. 5 may be used further to illustrate negative correlation. 
If tile line X-Y sloped in the opposite direction from B-D^ falling 
b(4ow 0-0' wtif*re B-I) rises above it, this would of course show 
that the larger the individual the .smaller its mate; i.c., w'e should 
have negatives correlation. To produce complete negative cor- 
relation (coefficient, —1.00) the line X-Y wmuld make the same 
angle Ixdow 0-0' that B-D makes above it, and vice versa. The 
degn^es of negative correlation would then be determined in the 
sam(‘ w'ay as those of positive correlation. 

All thi.s may be clearly illustrated if w-e make a diagram rep- 
resenting only the upper part of iig. 5, above D (that is, including 
only th(‘ varying iiortions of the lines) ; such a diagram is given 
in fig. (). On this diagram arc shown the ^'a^ious positions of 
the line X-Y correvSjiondi/ig to different degrees of positive and 
negative comdation wdien the heavy line B-D show^s the dimen- 
sions for tfie principals (also complete positive correlation in the 
mates). ^ (The diagram in iig. 6 is made on a somewdiut differ- 
ent scale from that of hg..5, the vertical distances being greater 


* This ('xposit ii)u vvouUl not hohl, in its present fortn, for cases where we .'^eck 
the correliitUin between unlike things (as between the stature and the length of 
the finger in man). In sui'h oases the coerticient of correlation depends partly on 
the ndative variability of the two sets of things compared. In the case of corre- 
lation between likes, with which we are dealing (whore in fact the two classes 
compared are composed of the same individuals), this complioation does not come 
in; the means, standard deviations, find coelficients of variation are the same for 
the t wo clfisses, so th.at the coeflicient of correlation is identical with the coefficient 
of regression hor such cases our exposition holds withont modification. 

* Some authors report coefficients of correlation greater than 1.00. This is of 
course due to arithmetical errors, since when the measurements all fall on the same 
straight diagonal lino jiassing through the mean, the coefficient is but 1.00, and it 
is decreased wlieu any of the measurements fall elsewhere than on this line. 
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Fig, 6 Diagram illustrating the significance of difTercnt cocfHrjciits of correla- 
tion (should be compared with fig. 5, tothe tipper portion of which it corresfiond.s). 
The vertical lines arc the terminal portions of (he linc.s representing the lengths of 
various classes of individuals, arranged according to their size, the largest [A-U] 
at the left. The terminations of these diverse lengths trace Iheoblipuc lint /MU 
D-0 marks the position of the mean length of all. The linos U-D and 0-0 and the 
other oblique lines show the pOfSitions of the tlieorelie.il average dimensions for 
the mates of individuals of the given sizes, in case of different coefiicients of cor- 
relation. If the dimensions of themate.s fall in the same line B-D as those of the 
principals, the correlation is 1,000: if they fall at the mean O-D the correlation is 
0; they fall at right angles to B-D, the correlation is —1.00. If they fall in a 
line dividing 0-B into equal parts, the correlation is 0,500. The eoetficients, from 
— I. to by tenths, arc illustrated in the diagram, the numbers at the 
extremity of a given line showing the coefilclcnt to which it corresponds. 


in proportion to the horizontal distances.) \\e shall use similar 
diagrams for showing the correlation in the various lots studied. 
From figs. 5 and 6, it will readily be conceived what is meant 
when such coefficients of correlation are mentioned as appear in 
the last columns of tables 1, 2 and 3. 

The position of the line X-Y is determined in practice simply 
by finding the coefficient of correlation, then marking, off the 
equivalent proportion of O-B above 0, and of O'-D below 0\ 
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and connecting these two points by a line. (In the case of cor- 
relation between unlike things, modification of this procedure 
would be necessary; a coefficient of regression is derived from the 
coefficient of correlation, and this gives the position of the line 
X-F. But in such cases as we are dealing with the value of the 
coefficients of correlation and of regression are the same.) 

The method of finding the coefficient of correlation is of course 
described in text-books of statistical methods. For computing 
correlation under the particular conditions with which we are 
here dealing, an improvement over tlie usual methods is described 
in a recent paper by the present author (Tl). 


TAHLIO 9 

Ci^eJJicients oj correlation in lenglk hetu'cen the niemhers (A and B) of pairs in the 
diJIfcreyil classes of cultures of I^aTamecium {compare tables I S) 
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CORRELATION IN DIFFERENT CLASSES OF CULTURES 

Turning now to an examination of the coefficients of correla- 
tion of the various lots, as shown in tables 1, 2 and 3, we find that 
we may distinguish four different classes: (1) wild cultures, 
of unknoMTi racial composition; (2) wild cultures known to con- 
tain pairs of the two species, aurelia and caudatum; (3) cultures 
consisting of a single pure race; (4) mixtures of two known races. 
It will be well to consider these separately. The coefficients of 
correlation for these classes are summarized in table 9. 

Wild cultures of unknown racial composition 

Tables 1, 3 and 9 give us the correlation for eight lots »)f this 
class. We find positive correlation in every case, the coefficients 
ranging from 0.245 to 0.507, with an average for the entire eiglit 



Fig. 7 Diagram illustratiDg the extent of correlation in the eight ‘wild^ cultures 
of tables 1 and 3 (at a to b), and in the mixture of two species in lot 27 (at c). Be- 
ginning at a the lines show in order the coefficients of correlation for lots 23, 2, 7, 
22, 1,5, 4, 3, (at 6) ; then that for the mixture of two species at c. 

0-0, mean and line of no correlation; B-D, line of complete positive correlation 
(compare figs. 5 and 6). 
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of 0.380. In the five series studied by Pearl the coethcients were 
higher, ranging from 0.430 to 0.794, with an average of 0.614. 
Fig. 7, a to b, illustrates the correlation in our eight wild cultures. 
The actual relations of the individuals of various lengths to their 
mates are shown for lot 1 in table 11 and fig. 5; for lot 3 in table 
37 and fig. 8. 



D 


FiR. K Diagnirii illustrating con elation in lot 3 (‘wild’ culture). B-D, lengths 
of f lic rlaases of individuals in order of size. E~F, lengths of the mates for these 
classes. regression line showing the general trend of the broken line E~F, 

and indicating by the proportion of the line O-B which it cuts off, the value of the 
coefficient of correlktion (0.507). 0-0, mean length for the entire lot. The num- 
bers at the right show lengths in microns. 

Since we now know that wild cultures often contain a number 
of races of diverse sizes, the question arises whether the corre- 
lation may not be a result of this fact. If members of large races 
conjugated only with other members of large races, and members 
of small races likewise mated only together, there would result 
a positive correlation, provided that more than one race were 
undergoing conjugation at the same time. If. such interracial 
select ivcncss were the only basis for the correlation, we should 
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of course Ind no correlation on studying conjugating pairs that 
all belonged to a single pure race. To get light on this noatter, 
we may examine the correlation (a) in cases where tluTc wore 
known to be two greatly differing races (two so-called specii^s) ; 
(b) in cases where members of but one race are present. 


Cultures containing pairs helongwg to hro different species 

In two cases I was able to obtain eonjugants from cultures 
containing both Paramecium caudatum and P. aurelia. These 
two species, as is well known, differ considerably in size, but very 
little in other external features.^ Wliat happens when lueiubers 
of the two species, mingled together, conjugate at the same time? 

Simultaneous conjugation of the two was obtained as follows: 
Material known to contain Paramecium caudatum in large iiuni- 
bers was brought into the laboratory, and mixed with cultures 
of the aurelia race k. About a week after the mixture was made, 
the conditions became favorable for conjugation, and both species 
mated. The resulting matings are shown, for the culture from 
which the largest numbers were measured, in table 10. 

From this table it is clear that the large individuals of caudatum 
mated exclusively with other caudatum; the small individuals 
of aurelia only with other aurelia. The two culture's of this sort 
that were examined gave coefficients of correlation in length, 
of 0.939 ±0.010 and 0,940 ± 0.004, respectively; so that the cor- 
relation was almost perfect. Careful examination of all the 
pairs measured gave no single case in which it appeared, to the^ 
practiced eye, that caudatum had mated with aurelia. 

Thus w'hen caudatum and aurelia are present together in a cul- 
ture, they do not intermix in conjugation,- certainly not to any 
marked extent, and apparently not at all. (Simpson, ’01, saw 
two cases of what he believed to be conjugation between aurelia 
and caudatum. The ex-conjugants died after one fission. It is 
of course possible that crosses might be induced by proper isola- 


’ For a detailed account of the differences between the two, see Jenninga and 

Hargitt, ’10. 
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tion, even though they do not occur in nature, or occu/there but 
rarely). 

Our results with tw^o species are then favorable to the idea that 
correlation is produced by members of related races conjugating 
together. We now turn to the records for conjugation within a 
single race. 

TABLE 10 

Correlatiun taffle for the lengths of 170 pairs from a culture contain- 
ing pairs of both aurelia andcaudalum {correlation, 0.90 
The unit of 7neasuremenl is four microns {0.004 mm.,) [so that 
the first pairs to the left hwe members measuring IIS and lOS 
microns in length) 
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Conjugation within pure races 

The coefficients of correlation m length for twelve conjugations 
within pure races (all the conjugating individuals being derived 
originally, in each case, from a single specimen) are given in tables 
2, 3 and 9; they are illustrated in the diagram of iig. 9. 

Examination of the tables and the diagram shows tliat 
the correlation is indeed considerably less in tlie pure 



Fig. 9 Diagram illustrating the correlation in the eleven lots composed of pure 
races, of table 2. 0-0, mean and line of no correlation; B-D, line of complete 
positive correlation, a, lot 9; b, lot 10; c, lot 11; d, lot 12; e, lot 13; f?, lots 15 and 
18; A, lot 16; t, lots 17 and 19. Just beneath i ii the line for lot 14. 

faces than in the wild cultures. This is seen in comparing 
fig. 9 with fig. 7. From the first three coefficients of table 2 
(0.132, -0.193, and -0.137) we might conclude indeed that sig- 
nificant correlation is quite absent within a pure race. But on 
examining the entire twelve lots from pure races, we find that this 
conclusion will not hold. In all save the two lots just 
mentioned the correlation is positive; and these two in which it 
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was found lU’Kativi? are siaall, containing respectively but 26 and 
14 pairs; tlu^y have been included in our account merely to illus- 
trate the results reached if insufficient numbers are employed. 
Other, much larger lots of this same race k (lots 12, 13 and 24 of 
tabl{?s 2 and 3) gave significant positive correlation. Further, 
we have in lot 16, from th(‘ pure race C 2 , a largo lot (150 pairs) 
giving the high correlation of 0.507 0.029. 

We must conclude then that there is really positive correlation 
in length in tin; members of paii*s even when all belong to the 
same race. The fact that it is much less in amount than in mixed 
cultures is however of much significance. Fig. 10 illustrates 
the very slight correlation in the lai^e sample of lot 9 (race c) 
while fig. 11 shows a similar diagram for lot 17 (race C' 2 ). ^ The 
average coefficient for the twelve lots from pure races is but 0.251, 
as against 0.380 for our eight wild cultures, and 0.614 for Pearrs 
wild cultures. The difference in these averages is illustrated 
in fig. 12. 

The smftller correlation found in pure I’aces, as compared wath 
mixed cultures, casts much light on the causes of the correlation. 
It indicates most directly, of course, that in wild cultures indi- 
viduals belonging to the same race, or to races of similar size, 
tend to mate together. The bearing of this most important con- 
clusion on other problems we shall bring out later. Here we shall 
take up certain other evidence indicating this tendency of mem- 
bers of the same or like races to conjugate together. 

In wild cultures it is frequently found that members of diverse 
races an^ conjugating at the same time. This is demonstrated 
by isolating pairs of difTerent sizes, and finding that they produce 
progeny of permanently different characteristic sizes. We may 
(‘ite here a single ease, described in an earlier paper (Jennings, 
’OS, p. 494). Six races of diverse size (including the large race Lj 
with average length of about 200 luierons and the small race C 2 , 
with average length of about 125 microns) were derived from six 
differing pairs of eoiijugants taken from a single culture January 
29. 1908. 
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Fig. 10 Diagram for corri;lation (0.132) in the pure race c of lot 0. For expla- 
nation, comoare fig. 8, page 38. 

Fig. 11 Diagram for correlation (0.318) in the pure race C 2 of lot 17. Lettering 
as in fig. 8, page 38. 
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ig 12 Diagram showing the average correlation in length between the mem- 
bers of pairs in wild cultures of one and of two species, and in pure races. 0~0, 
mean; also line of no correlation; B-D, line of complete positive correlation. E, 
average correlation (0.250) for the twelve pure races of tables 3 and 3. F, aver- 
age correlation (0,380) for the eight wild cultures of the present paper (tables 1 and 
3). G, average corrolat ion (0.614) in the five wild cultures studied by Pearl ('07). 
IJ, average correlation (0.940) for the two lots of table 3 where two species were 
present, both conjugating. 


Mixtures of two known races 

When cultures are formed by mixing two or more diverse 
races of known characteristics, it is extremely difficult to induce 
the members of both races to conjugate at the same time. I 
kept many such mixtures for months but only once did I succeed 
in getting both races to conjugate at once. This was in a culture 
containing th(' races i and k (both aurelia). The race i is ver}- 
small, averaging but 95 to 100 microns in length, while k is larger, 
averaging about 125 microns in length.'* The two races had been 
living together in the same culture about five months (from 


• For measurements of these races, see Jennings '08. 
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November 8, 1908) when conjugation was observed in the cul- 
ture March 1, 1909. Unfortunately the conjugation was scanty, 
so that only five pairs were found. Three of these measured 
respectively 78 x 76, 78 x 76, 82 x 76 microns; the other two 138 
X 138 and 138 x 140 microns (compare fig. 13). It is clear that 
the first three pairs belonged to z, the last two to k. Had we a 
large number of pairs of these two races, it is clear that we could 
form a correlation table from the culture as -a whole tliat would 



Fig. 13 Conjugants and non-conjugants from a culture composed of a mixture 
of the two aurelia races k and i, showing that each pair is composed of individuals 
of but one race, — either of k or t. X 333. 

show a high degree of correlation. The i's would all fall in the 
upper left-hand corner of the correlation table, the in the lower 
right-hand corner. 

Thus in this case the individuals of each race conjugated only 
with members of their own race. In most cases where conju- 
gation occurs in a culture containing two known races, it is lim- 
ited to the members of one race, as I have already set forth 
(p, 22) . This fact that two races conjugate at different times has 
of course the same tendency as assortative mating, in preventing 
admixture of races. 
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Before proceeding to further discussion of the causes and effects . 
of the correlation of the conjugating individuals, it is important 
to examine certain other points. 

TO WHAT IS DUE THE INCOMPLETENESS OP CORRELATION? 

As wc have seen (tables 1, 2, 3, etc.), correlation between the 
members of pairs is never complete, but in most cases is a cer- 
tain positive amount, less than 1.000. It is important to realize 
as nearly as possible to what biological relations this corresponds. 
Why, if thert; is correlation at all, should it not be complete cor- 
relation? 

Incompleteness of correlation may be due to a number of differ- 
ent conditions, the more important of which we must consider. 

1. Slight difference, of less effect than great ones 

Perhaps the most probable cause for incomplete correlation, 
at least in such material as we are dealing with, would be this: 
tiuit slight differences in size between the members of pairs do 
not prov(‘ a marked obstacle to their union, while greater dif- 
ferences pri'vejit their uniting. If this is tlie state of affairs, 
we should tind but slight correlation in collections or parts of col- 
lections in which there ar(^ but small differences among the 
individuals; higher coi-relations where the differences between 
in(li\'iduals are great. The highest degree of correlation would 
be found in the case of a collection composed of two sets, those 
of each set not differing much among themselves, but the two 
sets differing considerably. 

That tlu‘ condition we have sketched is the real condition in 
the conjugation of Paramecium is shown in two different ways: 

a. We have already seen that when the conjugating culture 
contains two sets differing greatly (as when aurelia and caudatum 
are both present), the correlation is very' high; when numbers 
of less differing races are present, as in ordinary wild cultures, 
the correlation is less, but still marked; when only the closely 
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similar members of the same race are present, the correlation is 
still less. 

b. It is shown further when we compute the correlation for 
portions of the various lots. Take for example lot 1 (tables 8 
and 11.) Here we have 300 individuals varying from 148 to 200 
microns in length; in the tables these are arranged in 20 (*!ass('s 
in order of size. The mean lies at almost exactly 200 microns. 

TAin.Kll 

Correlation table for the lengths of the pairs in lot 1, lines to show tln'^nn ttium' 
(jtid ‘extreme’ pairs described in the text and illuslrated in f\g. 1^. 

(I) The pairs containing exclnsivcly nu'diiim specimens are those, in the smalt sqimn 
enclosed by the lines n-b~c-d {coTrelatlo7i O.JO^). {^) Pairs at least one membfr 

of which is of 7)iedium size (currclatiori 0.229) are between the lines c-g and r~c an 
the one side; b-k and b~f on the other. (S) I‘airs at least one member o/ whieh is 
extreme {correlation 0.4S9] include all those outside the square a~b-c-d. {Jf) Ibiirs 
consisting exclusively of e.xlrctne .specimens {correlation 0.G78) lie outsitle all the 
lities drawn within the table. 

The unit of measurement is four microns so that the. Iciiglk 37 for example signifu .'t 
1^8 microm. 
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Now, suppose that in this culture there existed no specimens 
near this mean size, but only the larger and smaller specimens. 
What would be the nature of the correlation? To determine 
this wo must omit all pairs containing medium specimens, and 
compute the correlation only for those containing extreme in- 
dividuals. If there were no correlation, no tendency for like to 
mate with like;, we should among these extreme individuals find 
large specimens matched as often with small as with each other; 
the correlation would be 0. 

Let us considcjr as ‘medium’ specimens all those included in the 
three groups above and the three below the group containing the 
mean; that is the seven groups nearest the mean, in table 11; 
these are marked off by the lines a, b, c, d. Then the extreme 
specimens are those lying entirely outside these lines. There 
are twenty-three pairs containing only such extreme individuals; 
computing the correlation for these, we find it to have the high 
value of 0.678 0.054. For the lot as a whole the correlation 

is but 0.398 0.030. If in tlie same way we compute the cor- 

relation for all pairs in whicli no extreme individuals are present 
(the 87 pairs within the small square enclosed by the lines a, 6, 
c, d in table 11) we find a still smaller coefficient, of but 0,104 
0.051. 

To complete the picture, we may ask what the correlation is 
when we select all medium individuals as principals, and compute 
their correlation with their mates, whether the latter are 'medium' 
or 'extreme,' and do the same for all extreme individuals. We 
find that there arc 157 pairs belonging to the former group, 93 
to the latter. The 157 hnedium’ individuals are correlated with 
their mates to the extent of 0.229 ^ 0.036; the 93 'extreme' 
individuals arc correlated with their mates to the extent of 0.439 
± 0.056. 

Thus we find that there is a steady increase in the positive cor- 
relation as wo include more and more 'extreme' individuals, the 
coefficient beginning at 0.104, and becoming successively 0.229, 
0.398, 0.439 and 0.678. This is exhibited in the diagram of fig. 14. 

These relations are general. I have worked out the correla- 
tion for the 'extreme' and 'medium' specimens for a number of 
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Fiji. 14 Diagram showing tli(‘ dilTerent, lingrrcs of {-orre'lat ion la*! wctni nn'tiilxTS 
of i>air.s ill lot I (tahlo 11), according as w(? (‘xarniiu^ tlu* in iting of individuals of 
medium sizes or of those of evtreme sizes. 0-0, rniMn and line of no corndat ion ; 
B-D, line of complete {>osilive (correlation. 1, Correlation (O.lOlj for pairs con- 
.sisting o.xclusively of individiial.s of ‘ine(]iuin' siz(^ 2, Correlation (0,22'.)) wlnai 
we take all specimens of medium size as principals, and coinjiare them with (Incir 
inate.s. 11. Correlation (0.398) wlnai all sp('cinM'ns, of all sizes, arc imduded. 
4. ( ‘orrelatioii (0.430) when we take all sper itiKms of '(‘xtrcirn’' size as principals 
and compare them with tlieir mates, of wliatever size. 5, (.'orndalion (O.tiTS) for 
pairs comsisting e.xclusively of individuals of e.xtiaane sizes. (For tin? sizes <‘<)n- 
aiderod 'medium’ and ‘extreme’ see table 11). 


the lots mentioned in tables I and 2. Th(‘ n‘sulls are shown in 
table 12. Column 1 answers the riuestion: Wlntt w'ould be the 
correlation- if no extreme specimens exi.sted? ( -olunm 2 piWvs 
the correlation for the culture as a whole, whiltj column ^ answers 
the question: What would be the correlatutn if no specinums 
of medium size existed? 

As appears from the table, in ev^ory case tlie extnaini individ- 
uals show higher correlation than the ‘medium’ oii(‘s, as well as 
higher correlation than the culture as a whole. In all cases save 


THE JOCR.XAJ, or- EXPERmt.VT.M. ZOOIOOY, VOf.. JI, .VO J 
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TABLE 12 

Corrtlation between the members oj jiairs (a) for extreme individuals on/y, as com- 
pared with tM correlatlou for (6) medium individuals only, and (e) for the entire 
coUeclions, including both medium and extreme spexirnens, (Column IV shows 
what are arbitrarily considered ‘medium ’ spfcimeTvs for the lot in question; the 
extreme spexirnem are those lying outside the limits designated medium) 
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correlation for the ‘medium’ individuals is less than that 


for tlio (uilluro as a whole. Further, on the whole, the greater 
tin* correlation of tlu* lot as a whole, the greater the difference 
between the correlation of the ' medium ’ and the ‘extreme’ speci- 
mens. 

It may lx* w(‘ll to note that this greater correlation of the ex- 
tremes is by no means a necessary' result of mere arrangement 
in a correlation tiibh*. If the individuals are merely paired at 
random, there is no significant correlation either in the culture 
as a whole, or in the extreme pairs. This may be illustrated from 
the random ])ai rings made by Pearl (’07). Pearl wrote on sep- 
Hrat(* slips of pajicr the lengths of all the individuals concerned 
in the pairs; mixed these together, and drew out two at a time, 
forming thus ’random pairings.’ He did this for two lots, A 
aiul C, containing respectively 105 and 101 pairs of conjugants. 
I ha^a* worked t)ut the correlation for the nxedium and extreme 
j^xeeimens for the tiihles so formed (Pearl’s tables A 11 and C 
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11). The results are given in the last two rows of our table 
12. As there appears, the extreme jiairs tio not show positive 
correlation, hny more than do the rest of the collection. 

It is further to be noted that this higher correlation betM'een 
the extreme specimens than between the specimens of medium 
size is not a necessary consequence of the existence of a coiisiihu'- 
able degree of positive correlation in the table as a whole, though 
it is doubtless a veiy comiuon accompaniment of such jiositive 
correlation. But it is easy to form tables sliowing a marki'd 
degree of positive correlation, in which the correlation of the 
extreme parts is not greater than that of the meilium parts. 

^\^ly small differences between the individuals should not act 
so precisely in determining correlation as do large diffci-enccs 
will be clear to anyone who considers carefulh^ the prtice.ss of 
mating, as described on previous pages. The difficulty in jiair- 
ing caused by slight differences between the two indi^dduals 
concerned is readily overcome by slight curving, shifting, etc., 
while great differences are not so easily remedied. Hence .s])oci- 
nieins differing much do not often unite, while those differing but 
little unite readily. Thus the correlation tables may be ex])ected 
to exhibit many pairs in which the two inemb(Ts differ sliglilly, — 
and this of course prevents the correlation from being com] )1 ole. 

2, Different categories of pairs following different rules 

A second condition that would residt in incompleteness of cor- 
relation would be the existence in the lot of diffenmt categories 
of pairs, following diirerent rules. A certain set might, taken by 
themselves, give comjilete or nearly conqiletcr i)OHitive cfjrrela- 
tioii, while another set, following different rules of union, migiit 
show little or no positive correlation, or even iiegativi; crirrela- 
tion. The lot might then give as a whole h it a moderatr; degree 
of positive correlation. 

Is there any ground for suspecting the existence of such diverse 
categories of pairs in our material? 

Careful examination of the pairs shows that ihoro is such 
ground. The assumption on which is based the explanation 
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of the existence of positive correlation is that the pairs in conju- 
gation place their anterior tips in contact, so that in the pairs as 
we find them th(i anterior ends of the two members should be 
even, as in fig. 3, c, c, i, etc. Peaii (’07, p. 267) notes that this 
is on the wholes approximately true in most pairs; he does not 
give measurerne'iits on this point. But examination of a large 
number of cases shows that (as Pearl further noted) the anterior 
tips are not always even. 

Now, if placing tlie anterior tips evenly together results (as it 
should) in liigh positiv(‘ correlation, then if in any cases the an- 
t(‘rior tif)s an' not j)Iac('d (evenly together; if the anterior tip of 
one individual is placi'd some distance from tlie tip of the other 
individual (as in fig. 15, 6, r, c), tlien this would naturally result, 
for sueh pairs, in h'ss ])ositive correlation, or m no correlation, 
or ('V(‘n ])erfiaps in iH'gativci correlation. 

\V(' might perhaps then expect to find at least two categories 
of pairs, giving different n'sidts so far as correlation is concerned: 
(1) those witli anterior tips even; (2) those in which the anterior 
tip of one indivadual jiroji'cts })eyond that of the other. 

I hav(‘ made an analysis of certain cultures with relation to 
this matti'r, with the following results: 

Idrst, as we [iav(‘ l)cf()re seen, observation shows that the two ' 
ineiidx'rs <d a j)air are by no means always ccpial, but that num- 
ht'i’s’of uiK'qual ])airs are found. A number of such are shown in 
fig. 15. Cases of ('xtreme inequality sometimes occur, but .such 
an' ran'. In oiu' of the ])airs of lot 2 (table 1), the anterior tip 
of one imlivuhial exti'nds forwai-d thirty microns beyond that 
of tin' other tliat is, about oue-fiftli of tlie h'ligth of the latter. 
Fig. 15, h, si lows a iiair in which the smaller is less than three- 
fourths tlu' length of the larger. 

riuuinnss a( the anterior eniis. In four lots of conjugants I 
undertook to measure the ditferenoes between the anterior tips 
ot Itu' pairs. Tlu' measurements taken are necessarily somewhat 
gn^ss in evnuparison with the minute absolute amounts that 
one individual i)i‘ojeets l^eyoml the other, but by using large 
numbers we may get results that will be accurate enough to 
indicate the real eomlitions. We may call the individual that 
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projects farther anterior!}* A, the other B; the measurements 
then show, beside the total length of A and /?, the amount that 
A projects in front of B, One of the four lots thus analyzed 
was a Svihr culture, the others were pure races. 

The wild culture examined was lot 2 (table 36); the unit of 
measurement in this case \s'as 2 microns. Pairs in which the 
differcnco at Uie anterior ends was less than 1 micron were con- 
sid(*red even. Tin? results for lot 2 are given in table 13, 


T.VUr.K t:5 

Diiflanrt' Ihut one tnetnhvr (.1) of a pdir in front of Me oihfiT {B), in a ‘wild' 

culture (lot 2, tnble SO) 


roT^L SL'MIIER 

or I'AiKa 


MEAN I.ENOTH 
OV A.I.L, IS 
MICRONS 


tif A In tni- n 2 4 t) li In I'J U IB IK :<() 


XiiintMT of r,! 0 1j In 10 4 1 1 1 

I’lT C^Ilt Ilf Olhll 

numticr of |.tilrs 4:10 G :ilC. J lO.B 10 li 7 0 :f K 1.4 0 7 0.7 0 7 


1G5 04 


Thus of the entire 142 pains, 61 (or 43 per cent) were even at 
tlie anterior tijis, while 81 (,57 per cent) were more or less un- 
evtm. Th(' amount of projection of .4 was rather slight; in 123 
pairs, or 86.0 of all, it was less than 5 ])er cent of the mean length 
of the individuals. 

From i)ur(‘ racers there were examined from this point of view 
one lot from race C- and two lots from race g. These are both 
races of aurelia, and of about the same size, the mean length of 
tlie coiijugants falling, in all three lots, between 118 and 124 
microns, la tliese cases the unit of measurement was 4 microns 
instead of 2. Tlie facts are given in table 14. 

In these cases we find resjiectively 33.3, 45.2 and 46 per cent 
in which the anterior ends are even. The amount of difference 
at tlie anterior end is again rather slight. A difference of 8 
microns is about 6.5 per cent of the means length in these cases; 
this difference is exceeded, in the three lots, respectively by 11.5, 
1.2 and 8 per cent, of all. 
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TAhT.l; 14 

Amount that one member (A) of a pair projects beyond the other (B), in three lots 
from pure races 

TOTM- NTMUtU 
OKl-UKS 

Pmie^^tion of A, In microns — 0 4 R 12 Ifi 20 

liOt 17: itiice C; 

Xurnbcr of oHsed 23 24 14 5 3 

IVr of all 33.3 34 S 20 3 7.2 4.3 

Ix)t IR: Uacc*!? 

Nuinbor of cases 3S 37 R I 

IVrcciitofall 43.2 44 0 H f* 12 

Ixjl lU; Uacc o 

Niiiuljcr of cases ... 40 30 10 fl 1 

IVrmil ol all 4f).0 34.5 11 5 (i 0 11 

Now, from the thcor\ as to the t‘aus(‘ of the eorn‘Iati<iii, we 
should expert to find that the indiviihud A, jirojt'eting in front 
of B, is as a rule larger than B. (^^'e sliall later show that the 
length from anterior tip to mouth is so oorrelatf'd with the iMitire 
length that this must be true,) This being so, we should per- 
haps expect that the individual A, which j>roje(*ts fartlu'st for- 
ward, should likewise project fartlu'st liackward, thus overliip- 
ping B at both ends. (If howc'ver the tw'o spt'cinu'ns nu*rely 
came together at random, and any parts of the oral surface's 
united, then there is no reason whytlie specimen projc’cting ante- 
riorly should be larger, and as a ruh' tin' spc'cimen that extended 
farthest forward wmuld not ('xtc'iul so far backward, one sp(‘ci- 
men being merely displaced forward as a whole, with reference 
to the other). 

Examination of a number of cultures from this jioint of view' 
show's that as a rule it is true that the specimen extending far- 
thest forward is the larger and likewise extf'inls farthest back- 
W'srd. The facts for five cultures are given in table 15. 

As the table show's, the specimen A, projf^cting anteriorly, is 
larger than B in from 83 to 91 per cent of all unequal pairs, while 
it is smaller than B in but 2 to 11 per cent. Further, A projects 
beyond B backw'ard as w'ell as forw'ard in 51 to 67 per cerit of 
all, while B extends beyond A in the rear in hut 10 to 28 per ceiit 
of all. 


0(1 121 in 

84 123 37 

87 ns 2S 
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TAJtLt: 15 

Pro'portional number of canes in which ike individual Ay which projects in front, is 
larger than If and projects behind it as well as in front 


T(>TAI, ,vr'«j)Kli 

UIT M MHI-.IC ; or I- A [KM 



ny y\\UH 

I.'SKtJI'AI, 

A Ns,,. 
IllfC 
Kf,. 

IVr 

(s-nl 

A [>■«>- 

IlU. 

IVr 

cf'nt 

\ ! >.sf> 
liite 
no. 

Per 

pent 

.VKmo- 

liiie 

Per 

cent 

2 

142 

81 

(>.8 

84,0 

0 

11,1 

54 

66.7 

23 

28.1 

7 

70 

■M\ 

20 

82,3 

5 

1.3 0 

26 

72.2 

6 

16 7 

17 

00 

4I> 

40 

87 0 

>2 

4 .3 

28 

CO 8 

8 

17.4 

IK 

SI 

4(i 

41 

SO L 

1 

2 2 

31 

67.4 

5 

10 9 

10 

87 

47 

43 

01 3 

1 

2.2 

24 

51.1 

5 

10.6 


Thus, wtu'i'u on(‘ niciuhcr of a pair (‘xtcnds further forward 
than the otlu'r, t fuit iueuil)(‘r is usually larji^er. Wo should thore- 
for(‘ (‘X])(rt Ifuit in [lairs wIku'O oiu^ uiomhor (‘xteiids further for- 
ward than the otlier the diiTerenee in length between the two 
iiKUnhers wiuild be ^n'ater than in the ease where the twa) are 
('vcn at (h(‘ antiuior (uid. W(‘ should further expect that the 
(lifferenee in size Ixdween the two members would he greater, 
th(‘ greater the amount that A projects anteriorly beyond B, 
The facts with regard to these points are given in table 10. 

Th(' dill ere nee betwf'on tlu' two members was taken in units 
2 or 4 microns, in ditTenmt lots; in the table the grouping is by 
int(M‘\'als of 4 microns. The number of pairs showing the larger 
(lith’rt'UCf'S is of course* small; on this account I have thought it 
well to giv(* the i)r^l>abl(* euTors, as well as the number of pairs 
in each case. 

'rh(‘ talile shows clearly that the diiTerenee between tlie mem- 
b(*rs of the pairs is great ei' in ]>airs in which one individual pro- 
jects anteriorly in front of the other, and the greater the projec- 
tion, the greater the ditTerence. These things are by no means 
matl('rs of course; if it were merely necessar}* for the animals 
to (M>ales(‘e by any part of the oral surfaces that came in con- 
tact, they would not bo true. 
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TABLE Ifi 

Arerage difference in length, in microns, betiDcen the fnembcrs of pairs, in relation to 
the distance that one vieniber (A) extends in front of (he other [li] 


MILW 
EXCLSS OP 
A IS 
I.KMiTH 


K\( KSH OP 
.1 IN 
I.PNiiTII 


2 142 H 62^^0 ^0 61 10 2(1-^ 1.37 40 12 :iO-i-l .77 27 

7 79 A 56 id. 66 4;i 10 46 ± 1 26 26 1 2 0(1 ^2 o2 0 

17 69 6 96 :« 0 94 23 6 0(1*0 79 24 17 16*1 20 14 

IK H4 3 79*0.35 38 S, S6*0 76 37 15 00* I 00 8 

19 87 5 M*{l 52 39 7.87*0 84 31 ; 15.20*1 45 10 


18 SO 4. 3 35 10 9 33 » 3 !«) 3 

12 00 ! 

19 20*1 13 .5 10 00 4.552 3 

16 00 1 

20 00*1 .39 6 


34 00 


9 00 


1 


We may now pass to an examination of the coiTolations in tin* 
uneven sets, as compared with those for the even s(‘ts, and for 
the cultures as a whole. As before n ‘marked, w(‘ should ex]K Ct 
the correlation to be greatest in bairs that are evi'n at the anterior 
end, least in those uneven at the antt'rioi* eiul. This is because 
pairs of the former sort will, from what wi* have alr(‘iidy shown, 
have members nearly equal, which is the condition that produces 
high correlation; while the latter set will be uneiiual, giving low 
correlation. The facts for four cultures an* given in tabh* 17. 

To understand tabic 17, it is necessary to ft call the nu'tliod 
of computing correlation in tlie case of ]>airs compos(‘d of two 
similar members. In all such cases the correhition is referred 
to the mean of all the individuals; it shows whether, when one 
individual diverges from the common moan of all, tlw? other in- 
dividual tends likewise to divcrg(* from this mean in the same 
direction. The correlations computed in this way aix* shown in 
the first three columns of the table; onlj' the values given in 
these three columns are strictly comparable*. As shown in 
these three columns, the^ correlation in the case of the pairs in 
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which one individual extends anteriorly beyond the other (as 
in fig. 15, b, c, e) is much less than in the pairs that are even at the 
anterior end, w'h{ai tlu^ correlation is iiieasured in the same way 
in the two eases. It is alsf) inueh less than in the lots taken as 
wholes (column 1). In three of the four lots no correlation is 
detectable in the uneven [niirs (column 3), the coefficients com- 
put(‘d being I(‘ss than the probable errors. 

In the case of the uneven pairs (such as shown in fig. 15), the 
two iraunbers havx^ of course a distinguishing mark, since the 
individual A projects in front of the individual B, We may 
then pro])erly a.sk whether the assort ative mating does not show 
its etfect in these cases, if w(; compare the A’s with the 
As the projecting individual A becomes larger, does nottheother 
individmd B likewise become larger? This is not shown by the 
correlation computed with reference to the common mean of all, 
as in tlie first three columns. To discover whether, when A 
increases in size, B likewise tends to increase, wc must compute 
th(i correlation using the independent means and standard de- 
viations of A ami B, as in ordinary correlation w^orkwith unlike 
units in the tvv'o classes. The results are shown in the fourth column 
of table 17. Here we see that the correlation is rather high; as 
A beconu^s larger, B likewise becomes larger.® The effects of 
th(‘ assort ative mating arc therefore seen in the pairs that are not 
even at the anterior ends, as well as in those that are. 

Another point is worthy of pai ticular notice. Although the 
correlation in total fi'ngth, in the case of pairs that are even at 
the anterior end( is greater than for the culture as a whole, it 
is by no nutans cOTnplete, or oven approximately complete. Now, 
in tliese pairs, the tlistance from anterior end to mouth is the 
same in the two individuals. Since the correlation in total 
length is not coiiiplete, it is evident that the remainder of the 
length, behind the mouth, is not the same in the two individuals. 
TliivS is further shown in table 1(3, which gives in the first column 

* hi tlie case of thf' infusoria in whicli it is known that a large individual regu- 
larly mate.< with a smaller one, probably t!^e correlation would have to be com- 
puted as in tlie fourtli eolumu of the t.ahle. This would certainly be the case if 
the two members had other distinguishing marks. 
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TABiJ^: i: 

t orrelation in length of mejnhers of pairs (i) in which the. two anterior ends arc even; 
(f) iri which the anterior end of one individual (.4) extends in front of that of the 
other (^) 


COKRELATIOS 
6. KOB ALL PAIRS 


ASTERIOft ENUa EVEN 


ANTERIOK END OE A PKOJUTINil IN KKONT 
l)K THAT OE H 



C 



^ (''om-'lHtioti ro- 

y * fiTreii TO tiiciiTi 

3 ^ of ill! (A -T a ], 
^ iis in ('ohlllins 1 
^ litul 2 


■I 


‘orrolailuii rrft rr< <i to 
lijc M pnrAti' lucahs 

of A iimi n 


36 

U2 

0 268*0 0.57 

40 

70 

0 333*0 048 

49 

09 

0 318*0 052 

50 

84 

^ 0.251*0 049 


61 : 0 547±n.043 
43 0,449*0, 0o8 

47 0. .091*0 015 
38 0 rS2*0 032 


34 -0 033*0 0S2 

30 0,232*0 075 

22 -0,091*0,101 

46 0.032*0 070 


0. 315*0. 104 (we note) 
0.552*0 078 
0 318 *0 052 (see note) 
0 503 * 0 074 


•Vofe: III lots 2 aiul 17 the method of subdivision was varied, in order to deter- 
mine the effect on the correlation. In lot 2 the set with ‘anterior end of A pro- 
jecting’ includes only those in which *1 extended beyond H eiglU niieron.s or more. 
In lot 17 the set ‘anterior ends even’ includes tliose in which the anterior end of A 
extended not more than six microns beyond (hat of Ji, the other set the rest. In 
the other lot.s the division was as precisely a.s possible into even and uneven sets. 


the average difTerences in total length for the individtials whose 
anterior ends are even. Thus eonjugant individuals that arc 
equal in length from the anterior (uul to the mouth are not neces- 
sarily equal in entire length. This might be due either to (1) an 
equalizing of the parts in contact, in individuals where th(‘y were 
not originally equal, or (2) to variation in the proportion of the 
parts anterior to and posterior to the mouth, in different individ- 
uals, before conjugation began. The point \\111 come up again 
later. 

Thus, we have shown that the incompleteness of th<‘ correla- 
tion in lengtli between the members of pairs is due (1) partly to 
the fact that small differences bet\vc(*n the individuals do not 
much affect the mating, while large differences do; (2) partly to 
the fact that while in certain pairs the anterior ends are placed 
evenly in juxtaposition, giving high correlation, in others they 
are not, gi\ing little or no correlation. But even in the latter 
cases we found that there is marked correlation if we ask whether 
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when A increases in size, B does not increase also, thus referring 
the correlation to separate means. 

We shall find other factors affecting the degree of correlation, 
in the next matter to be treated. 

CAUSES OF THE COI{UEL.\TION 

F rom our account thus far, there can be no doubt of the exist- 
ence of some degree of correlation in size between t'le members 
of pairs, in the collections of corijiigants which we measure. We 
have seen that P(‘arl explains this as due to assortative mating. 
But this is not the only condition which might produce such cor- 
relatitm, so that we must now^ enter upon a critical examination, 
with ex}>erimontal tests, of the various possible explanations. 
The following have been suggested, or are possilde causes; 

1. Assortative mating. 

2. K(iualization during mating. 

3. ('haiige of size during union. 

4. Differential contraction due to the killing fluid. 

5. ].*oca[ or temporal differentiations in the culture from which 
the pairs arc tak<‘n. 

These we shall take up in series, concluding with a discussion 
of the light thrown on this matter by the correlation in breadth. 

I . A ssorln live m u I ing 

Wo hav(' alreatly seen much of the evidence for holding that 
tlie correlation i.s due to actual assortative mating. Here we 
enter u])on a more precise analysis of the relations involved. 

If assortative mating occurs and is the cause of the correlation, 
as set fortli by Pearl, then, as Pearl remarks, it depends primaril} 
on the relative lengths of the animals from the anterior end to the 
mouth, since these are the regions that must fit together in mat- 
ing. The eorrelatioii between the total lengths of the conjugants 
would be a secondary result of this; it would be due to the fact 
that individuals in wliich the distances from the anterior end 
to (he m<nitfi are eciuai )vould not be greatly different in total 
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length, and hence their lengths will be correlated” (Pearr07, 
j). 267). That is, the total length should be on the wliole pro- 
jKirtional to the distance from anterior end to tlie mouth; in other 
words, there should be a marked correlation between tliese two 
dimensions. 

Examination of our figures will show that this iiroportionality 
is by no means invariable or absolute. In fig. 15, d and /, for 
(‘xample, where the distance from anterior end to the mouth is 
the same for the two members of each pair, the total lengths an* 
very different. 

a. Correlation between the length anterior to the nwulh and the 
total length. In order to determine what d(’gree of cornhilion 
actually exists between the length anterior to the mouth and tlu‘ 



total length, I made measurements of the two dimensions in <p](‘s- 
tion, and of certain other dimensions, in a niiml)er of lots of con- 
jugants and nomconjugants. The other itK'asurenw'uts made 
were, for certain cases, the distances from tin* ant(‘rior end to th(‘ 
point where the bodies of the two conjugants separate’ b(‘hind. 
The measurements made and the constants d('duced from tluMii 
throw an important light on conjugation, as well as on tlu’ general 
variation of Paramecium. They are therefoi’c preseiit(‘d in 
table 18. 

The measurements given in table 18 will be understood from 
an examination of fig. 16, where th,e measurements tak(‘ii are 
shown for one individual of the pair. The nK^asunmients arc;; 
(1) the total length; (2) the distance from the anterior end 
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TABLE 18 

Dimension}!, proportion}! and correlulions of certain lots of conjuganis and non- 
conjrxganls, with relation to the problerrts of assortative mating. The tico individuals of 
a pair are denominated A and }i 

WII.U Cin-TCRK. LOT 7 HACK (J, LOTS 18 AND 19 


{taLlc 4i» 


'J4 non- 
oorijui;2intfl, 
(table 40 


168 

conjiiKaiits. 

lot IK 
(tal;le 50) 


174 

conjuganta, 
lot 19 
(table 51) 


118 non- 
conjuRUQta, 
lot I» 
(table 52) 


fMcan , IfiH 71*0 63 183.79*1.2^ 

, jsufi'lard (Icvlailoii Ji. 66*0.44 17.79*0 f>8 

(A) Totalb-nglb 

I ( iHjlljfrinU <;f Uirhi* 

I tion 6 91 *0 26 j 9 08*0 48 

l(>8.8l*r) 34 j 115.49*0.70 

(It) l/'tigtlt Iti Sun I lard drvlikt Uffi 6 30*0 24 j 10.11*0.50 
front of nmut li i ( '(K’lriclent ttf varld- ! 

i tlini 5 79 *0 22 8.70*0 43 

fMriit! .59 00 * 0 44 08 30*0 09 

(O l<*-njnli Ix" jStuadHnI deviation 8 24 *0 31 9 92*0,49 

bind tiioiil l( I ( '<M‘fn('li’iit of vnrla- 

I. tlon 13 76*0 52 14 53*0 73 

(I>) l/<-ttl{tll In 
tHjliu wImti' ( be 
piilra ."('fKiratc 

bi'bliid 

(E) piisK’- f Mvan 

rlor to |>olt)t j Mnnilard deviation 

where i«i Ir.s scp-^ ( ‘(M’llielcnt of A'arla- 

Jirati' tielilml [ tioTi. * 

(F") I'rojmrt Inti of f'nl In; h'tijjth ly lug In 

of iiioiitb (mean Index). 6.5 00*0 1C% 62 95*1) lOVe 

(01 (>/ fVn (rttmrt ’ ' 

1. T4Hnl length of Indtvhlual A - 

wltlixaineof /1 0.333*0 48 ' 

2. Part Udnre iiiontb In .1— with 

N»melii/f 0.840*0 015 

3. Part b«‘blrid iiiontli in .l—wUh 

.•eime same lik H 0.036*0 053 

4. Part (lefon- ntoitlli, with total 

lengtli of saine tndtvidniils 0,743*0 024 0.894*0.014 | 

5. Part befni't' iimiitit, with part 
l>ulilnd iiioittli of siiine Indl- 

vlilnals 0 261*0 050 ■ 0 570*0 047 , 

6. Part anterior to [lolnt ot si*p;ua- 

tk>n with total lenglli of Siimc 
Individual 

7. Part^nierlor to tv>lnt nl1so[Mi' j 

ration w'lth part posterior to 


j .\lenti 

! Standard deviation 
] f Vu'ffielent of varla- 
! Lion 


123 57*0 41 118 28*0.52 135 35*1 02 

;. 80 * 0, 29 10.11*0 37i 16 49*0 72 

6.31*0 23 8.55*0. 3i: 12,18*0,54 

74 21*0.30, 82 61*0 82 

5.77*0.21; 9.98*0 44 

7.18*0,28 12.08*0.51 
44 07*0.32: 52.75*0.50 
6 31*0 23* 7 98*0 35 

14 31*0 5? 15.14*0.68 
99 77*0 39 92.78*0.47 

7,52 * 0.28 8 08 * 0 32 

7.54*0 28 9.36*0.35 

23 81*0 32 25 58*0 31 

6.22*0,23 7,18*0,26; 

26 10*1.02 28 09*1.11 

62.85*0 15% 61.10*0,19% 


0 '’.51*0 49 0 323*0.046 
0.626*0.031 
0.157*0 050. 

0 832*0 016 0 919*0 010 


0,383 *0 04C 0.671*0,034 


0,676 * 0,028 0.723*0.025 


-0 378 * 0 045 - 0.217 * 0.049 
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a to the mouth h (the distance wtis taken to the posterior 
angle of the mouth); (3) the distance from the mouth (posterior 
side), to the posterior tip (h-d, fig. 16); (4) the distance' from the 
anterior tip a to the point c, where the bodies of the two <*oiiju- 
gants separate behind; (5) the distance from this point c to (he 
posterior tip d. These two dimensions (4) and (o) were not taken 
in all cases.^^ The measurements illustrated in fig. 16 were of 
course made for both members of the iiairs, as well as for inm- 
conjugaiits, so far as applicable to these. Sucli ineasiirenumts 
\vere made for one wild culture, of iinknow!i racial eom]>osition 
(lot 7 of table 1), and for two lots of the j)ure race g (lots IS and 
19 of table 2). The results are given in table 18. 

The first point in which we are interested is the corndatiou 
between the entire length, and the length from anterior ti]) to tin' 
mouth, as given at fr, 4, in the talde. This correlation is liigh, 
the coefficients being 0.743 and 0.S32, n'Spectively, for tlu^ two 
lots of conjiigants, 0.S94 and 0.919 for the non-conjugants. It 
would therefore seem amply suflicient to account fortlu' (h'gn'c 
of correlation found between the total h'ligths of the t wo memhi'rs 
of the pairs. Indeed, possildy wt' should expect, on tliis ))asis 
alone, that the latter correlation should be higher tlnin it is, .duc(* 
it is but 0.333 and 0.323 in the two lots of conjiigants just men- 
tioned. We have however seen certain rt'asons why tin* corn'- 
lation in total length is relatively low, and a fiirther study of the 
data of table 18 gives other grounds for this. 

b. High variability of the posienor region. W(‘ find in the con- 
jugating pairs that while the length of that jiart of the body lying 
in front of the mouth is relatively uniform (coefficients of varia- 
tion 8.76 and 7.78 in lots 7a and 19a), that part lying bc'hind the* 
mouth is much more variable (coefficients 13.76 and 14.31 in lots 
7a and 19a); the variation is almost twice as great in the latter. 

'* It is often very diffifult to doti-nnine the eract po.^ition of t)ie mouth, so that 
it was at fir.st thought tliat the point wlierc the t\vr> members (sf tlje j);tir loparate 
behind {c, fig. 10; would .<ervf? the ‘ame fiurjmse. 'I his turned out not to be tbe 
case, since the two do not follow the same rules. Il w .as later found lluit by plac- 
ing the animals in weak glycerine the position of the mouth could usually be 
determined. The measurements to the point of scparal i(jn liave some interest in 
themselves, and are therefore given in the table. 
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c. Low correlation of parta before and behind mouth. Further- 
more, the correlation betwt^en the length in front of the mouth, 
and that Ixdurul the itiouth is low, amounting to but 0.261 and 
0.3So for the conjugants in question (table 18, G, 5). Thus two 
individuals that are e(iual in the distance from anterior end to the 
mouth will often be une(iual in the remainder of the body. As a 
result, altlioijgh th{‘y conjugate accurately, they will be unequal 
in total length, thus tending to mak(; the. correlation of length 
to length less than l.Oi) in the collection to which they belong. 
This (>oint came u[} carlit'r, in connection with tables 16 and 17 
(p. 58). 

d, (■orrelalion of pair^s (jrcakr for parts anterior to mouth. The 
))oint just inadt^ is furtlu'r illustrated by anotlier fact. If we com- 
pute for the pairs tli(‘ correlation of tiie lengths anterior to the 
mouth in the twf) individuals (table IS, (}, 2) we lind this correla- 
tion huich high(‘r than that for the total lengths {G, 1). The 
c<»rr('lat ion of the two individuals for huigths anterior to the mouth 
is 0.840 and 0.626, n‘sp(Ttively, as against 0.333 and 0.323 for 
tof^l h'ligths. Hie great decrf'ase in the latter as com]>ared to 
the fornu'r is (‘vi<l(mtly due to the variable proportions of the 
post('rioi’ jiart of the i>ody to the ant(‘rior part,— this variable 
proportionality being i‘ith(T original, or produeed by equaliza- 
tion of the parts anterior to the m(}uth during conjugation (a 
matter for later eonsideratioii). 

i\ Low rorrchition of parts posterior to mouth. Coin'orsely to 
the ))()iMl ma(i(‘ in tlie proet'ding ))aragra]>h, we find the correla- 
tion of tin" ])arts ])osterior to the fuoiith for tlie tw'o members of 
a pair (^tal)l(‘ IS, f/, 3) to be much than that for the total lengths. 
In ii)t 7 a correlation between the posterior parts is lacking or too 
sliglit to be d(4('eted (eoetlieieiit, 0.03t» =^=0.053); In lot 19« it is 
very small (eoefiieient O.loT =^^0.050). 

Tin* correlation of total lengtli in the two members is then due 
almosV entirely to the eorrolation between the distances from 
anterior li]) to the mouth in tlie two. This correlation might be 
due either to e(|ualizati()n in the process of uniting, or to assorta- 
tiv(‘ mating: a jioint w4ueh we shall take up in a moment. 
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f. Region in front of the point ichere the tiro conjugants separate. 
With regard to the distance from the anterior end to the point 
;vhere the two individuals separate behind {n~<\ hg. lb), tabli^ 18 
shows (1) that this distance is more varialde than that from the 
anterior tip to the mouth (and more variable than the total length) 
(lot 19); (2) that its correlation with tin* total length (table IS, 
(V, 6) is less than in the case of the distance from anterior ti])to 
mouth; (3) that the length of the part behind the point of separa- 
tion is extremely variable, the coefficient of variation rising to 
26.10 and 28.09 in the two lots examined; (4) that the correlation 
lietwcon the length anterior to the jioint of separation, and that 
behind the point of sej>aration is negatiie (table 18, G, 7), so 
that on the whole the greater the length of th(‘ region wh(‘re (he 
two animals are in contact, the short (‘r the region behind this, 
where they are free. All this shows, of course, that tin* ])oint to 
which the union of the two individuals exti'uds is not a constant 
and predetermined one, but that on the contrary, the r(*lati\'e 
length of the united regions differs greatly in differ{*nt ciiaes. 
If this were not the case, the correlation betwi'cn tin* length 
anterior to this point and that post (‘ri or to it would be ])ositive, 
as is the case for the length anti'rior to tin* mouth and that ]) 0 .s- 
terior to it. Evidently, while in conjugation th(*n' is always 
union as far back as the mouth, the further distance to which the 
union extends is extremely variable. 

2. Equalization during niating 

Certain important points as to what occurs in conjugatif)n and 
how the positive correlation is brought about, ajipear on compar- 
ing in table 18 the conjugants with tin* non-conjugants. 

We find that about the same proportion of the br)dy lies in front 
of the mouth in both conjugants and non-conjugants, the mean 
proportion varying from 61 to 65 per cent in tin? diiTerent cases 
(E, table 18). In the conjugants, as we have seen, this region 
anterior to the mouth is much less variable than that posterior 
to the mouth, — the coefficients of variation from the former being 
5.79 and 7.78, as opposed to 13.76, 14.53 and 14.31 for the latter. 


the jocrsal or experiment.^ zooLorjy, voi- 11, nu, 1 
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But in the rintj-conju^auts the variability of the part anterior 
to tlu‘ mouth is mueii h^ss reduced; the coefficients are 876 and 
12. OS, as oppos{‘d to 570 and 7. 78 for the corresponding conju- 
gants. T}u‘ variability of the ])art posteiior to the mouth is 
about tlu' same in tfie nori-conjugants as in the conjugants (co- 
(dhcienls for the form<‘r 14.5S ami 15.14; for the latter, 1376 
and 14.31). Thus, in the conjwjantH the variahilily of the region 
a7tteri(fr to the /nouth hdii been reduced, while that posterior to ike 
vKnitfi. has not. Furthermorts the (■(nrelation betweoi ihelength 
anterior to the mouth, and that posterior to the mouth, (table 18, 
(i, 5) is fnnrh difnini.'^hed in rmyu/yuAtY.S' (coefficients of correlation , 
for the <'onjugants, 0.201 and 0.3S3, as compared with 0.570 and 
0.(i7l foi‘ the corn'sponding non-conjugants). Remembering 
that it i.s tlio parts anterior to the ruouth that become fitted 
tog(4h('r in conjugation, whil(> those behind the mouth do not, it 
is ch ar (fiat tlu'se two facts indicate strongly that there has been 
an egmtli :ation f>f the two regions in contact, by curving, contrac- 
titjli, str(' telling, (4e., for this would redu<*e both th(‘ variation, 
and the correlation witli th(‘ unchanged posterior part, exactly 
as we tind to Ix' the eas(‘. It would likewise result in making 
the correlation l)(4we('n the posteritir ])arts of the two conjugants 
mucli less than that of tin* anterior ])arts, as table 18 shows to bo 
tlu‘ case. Sucli etiualizalion we have before seen to occur, ijy 
dina-t ohsers ation of the conjugants (see above, p. 27); here we 
se<' that it aiTects tlu' measurements and constants to a marked 
degi’i‘t‘.“ This agrees with a number of facts previously set forth 
in this pap(‘r; we have i-('))eatedly had occasion to point out that 
an e(pialization in th(‘ r(‘gion anterior to the mouth would wholly 
or partly account for some of the relations described. To it are 
partly, if not mainly, diu' tlu' fact that individuals which con- 
jugate with ant('rior ends ('ven are not completely correlated 
in liuigth ([). 59): the related fact that conjugants that are equal 
in th(‘ region from anterior end to the mouth are not equal in the 

” ll i.s worth whiio to note tlu' fact that the aecount of the equalization 

baseil on ilirert ohsfrvation ipp. 2(i, 27) was written exactly as it stands, before 
the computations that iiulicate the .same thing were made, and before I had even 
suspect ed that the tnea.suremeiits would show it. 
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reiuainder of the body; the much greater variability of the part 
[H)>terior to the mouth, as compared with that anterior to the 
mouth, in conjugants; the low etjrrelatioii between the part 
anterior to the moutii and that j)osterior to the mouth, in ciaiju- 
^ants; the very much greater correiatH>n between the lengths of 
the two conjugants from anterior eiui to mouth, than bet w tarn 
total lengths, or between parts ]>osterior to the mouth. 

We have here a fact of ca])ital im])ortanc(*; tiu‘re occurs in {‘im- 
jngation a process of equalization, of such a charact(M‘ as would 
produce correlation in length betw(MMi tlu^ two imlividuals, even 
if such correlation did not exist before (lu‘ two united. Am I this 
equalization affects strongly our statist leal results. 

The question of course at onee arises: Is nut this the tmtire 
t'xplanation of the correlation between tlu' memlxTS of ])airs? 
Is there any reason for assuming assort at ive mat i Jig at all? 

Conelatio7i of ifiembcrs of pair.s after ,^c}nirah'o)t. To answer 
this question requires further expm-imentatioii. If tin' confla- 
tion is due to the contraction, (“xtension amicuiwingof tin' body 
undergone in the lU’oeess of union, it will be found only in the 
ajiiirals that are actually united. Vs soon as tin' contraction, 
curving, etc., ceases, tin' correlation w'il! disappear. Now’, care- 
ful observation shows that the contraction, curving, ('tc., do cease 
after the pairs separate; the animals rc'gain comph'tely thc'ir 
normal form, and increase much in size, as we have* seen. If 
therefore, w’o measure the nu'inhers of the jiairs some eonsider- 
able time after they have separated, w(* shall Ix' abh' to deti'rmiiie 
whether the correlation is diu' men'ly to tlu' actual conditions 
during the period of union. 

I have carried out tliis operation in a mimlx'r of ('ulturns, some 
of them pure races, others ‘w’ild' mixtures. For this purpose 
the pairs are isolated in hollow' ground slides and k(‘pt, ail under 
identical conditions, till the two animals .scjjaratt'. After sej)- 
aration they are further kept until about tinu? hu' the first fission 
to occur. Then the, pairs are killed sei)arat('Iy and measured, 
usually in comparison with a considerable number that had been 
killed before separation. In this way, further, one can study 
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the com*] at ion of the parts anterior and posterior to the mouth, 
in the separated conju^ants, determining whether the peculiar- 
ities in these dimensions found in the conjugating individuals 
are due to the fact of union or to actual differentiation of the con- 
jugants. 

The constants for variation and correlation for the two members 
of pairs that havci s(‘parat(H] some time before the measurements 
wen^ rnadt* are sliown in table 19, togetluT with comparative data 
for the utisepa rated conjugants. 

The pairs were isolated in the morning. A certain number of 
tlumi were killed at mict‘. The rest were kept alive. At 6 p.m, 
it was found that the pairs were separating, many being already 
apart. The animals were then kept till noon the next day. 
Thus they w(‘re killed at least twelve, and probably eighteen, 
hours aft(‘r sj^paration. 

Kxaminaliou of table 19 shows clearly that the correlation is 
not due to the contraction, extension and curving involved in 
the i)r(jcess of conjugation, nor does it depcjid in any way upon 
the state of actual union, for it persists undiminished for twelve 
hours or mon' after separation has occurred. Careful examina- 
tion of the animals shows that the contraction, curving, etc., 
has cjiiite disa])p('ar^Hl in the separated individuals (and this is 
furthi'r ilemonstrated by the measurements to be set forth later). 

Indeed, not only is the correlation undiminished in the sepa- 
rated pairs; it is actually greater in every case than in the pairs 
still united. This greater correlation after separation might be 
due to a number of ilitTcreiit causes; 

a. Possibly it imiicates that the alterations in form during con- 
jugation actually dec roast' the correlation instead of increasing 
it. If the correlation of the undistorted members were consider- 
able, th('n irregular contraction and curving such as occurs in 
the ju'oeess of union, would decrease it. 

b. A mor(‘ probable ground for the greater correlation of the 
separated pairs lies in the greater accuracy with which they can 
1)0 measured. The two members of a united pair are not 
accurately parallel, but lie oblique to one another, owing to the 
obliqueness of the oral grooves by which they are united. This 



Constants of variation and correlation in length for members of pairs of conjuganis killed 




70 


H, >S. JENNINGS 


()bliquen(!ss is ven^ (‘vidont when the pairs are examined »vith a 
binocular microscope; it is indicated in fig. 3, i and k. As a 
result of it, when the entire length of one member of a pair is 
shown, th(^ other will be a litthi foreshortened. Thus the measure- 
ments tak(‘n will indicate that the two are less nearly equal than 
lliey really are, and this of course will reduce the correlation. 
In th(^ case of the sej)arated pairs, this difficulty is not met, since 
the two individuals ar<‘ .measured separately. 

c. Another cause, which might actually i[icrease the measured 
correlation aftcu' s(‘parati(m, would lie in tlie increase of size which 
takes plac(‘ after tlu' s(‘paration oi the i)airs (sec page 21). If 
th(‘ interval of lime since sj'paration varies in the difTerent pairs 
(as is of course th(i cas<‘), then some will have increased in size 
more than will oth(*rs. But the inter^^al since separation will 
of course always l)e the same for the two members of a given pair. 
The result will tlnui he a series of pairs differing in size, giving 
thus mark(‘d positive correlation betwcem the members. It 
.seems ])robable that this is the chief ground for the actual increase 
in correlation after the pairs separate. 

()l)servation shows however that the relative sizes during union 
ar(‘ retained after separation (so far as this can be shown with- 
out actual m(‘asurements of the living united pairs). Tn many 
cases I noted that certain pairs, when first seen, were unusually 
larg(‘ or uiuisiudly small, or unequal. When they were meas- 
ured, twelve to eighteen hours after separation, this was still 
true. 

In any case it is clear that the correlation in the united pah‘s 
is not due to the temporary change of form during union, since 
it persists after union ceases. The correlation is not due to the 
(Mpialization in mating. 

Change ut variabilit}i and in correlalion of parts after separation. 
In a jircccding section we saw that the individuals of the united 
pairs differ very markedly in certain respects from non-conjugants. 
We luu’c now an op])ortuiuty’ to determine whether these pecul- 
iarities of the united conjugants are due to a differentiation of 
these conjugant iiuli\'iduals, existing quite independently of the 
lift of union; or whether they are merely the result of the exist- 
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riice of the union, with its accompanying: clianj^c of forn\. Those 
poouliarities of the conjugants were as follows; 

a. The variability of the part anterior* to the mouth is greatly 
reduced, as compared with the case of the non-eonjvigants. 

h. The correlation between the lengtli anterior to the mouth, 
and that posterior to the mouth, is greatly redu<‘ed in the unjtfal 
conjugants. 

c. The correlation of the two members of a ])air is imi(‘h greater 
for that part of the body anterior to the mouth than it is for the 
total length of the l^ody. 

If these peculiarities are, us our ]>revious (‘xami nation had 
seemed to indicate, merely the result of tlie chang(‘s during union, 
then they should disappear after the ])airs hav(' sc'parated and th(‘ 
individuals have reassumed their \isnal form. Wt* may thendon^ 
get light on this matter by comparing these n^lations in the con- 
jugants before separation and in those after s(‘paratioii. Tlie 
data for this comparison are given in tabh's IS and 20. ddu'se 
show the following: 

1. The variability of the part ant(Tifn‘ to the mouth is not 
greatly changed after the conjugants separat(‘ (table 20, B), 
In the wild culture of lot 22 the variability did imhaal in(*r<Mis(‘ 
after separation, from o.GO to 7.2S, but in the \)uvv race (lot 24) 
it remained substantially the same. Of cour.<(‘ the separjitf'd 
conjugants include no young specimens, while the non-eon ju- 
gants (table IS) include both young imdold. It is therefore not 
to be expected that the variability will reach the sam(‘ (h'gree in 
the former as in the latter. The data tin not imlicate that tlnni' 
is anv great change in the variability of tins pai't, owing to the 
mere act of conjugation. 

2. The reduction of the correlation hetwc'cn hmgth anterior 
to the mouth and that posterior to the mouth quit(‘ disappears 
after the cessation of union. In the united conjugants we find 
in tables 18 and 20 coefheients of c(jr relation between these parts 
of but 0.261, 0.383 and 0,277, while in the separated conjugants 
the correlations arc 0,640 and 0.488 (table 20, (/, 5). The same 
lot that shows a coefficient of 0.277 while conjugating, has a cj - 
efficient of 0.488 after conjugation has ceased. This is additional 
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TABLE 20 

[Hmensiom, proportions and correlations of conjngants after separation, as compared 
teith those for pairs sixil united. The hi'o individuals in a pai J^rc denomirtaled A and 
li. Compare table tO 


wjjjiCAt. oatcm ai: 
31-*<Krr, I, I'JIO 
i.oT 22 


WI1,I> A CIJATl'M (IF 

HfiT. 21-22, lyio 

i.oT 23 


RACK k fArHEI.IA) OP / * * \ 

KKiT, 11-12, 1010 UI-KEUA) 
I OT 24 

* 19. 1910 


flonjiiKnntj I ,, 134 P&lfA iac> Pm,. 134 Pairs 178 pairs 


utlon 
'ral.lcfl 
t>7 and 58 


'rallies 
59, 82. 64 


aratton aratlon, 
TahU-M fiO-h Tables 
61,62,65,66 67+68 


A. Total 
leiii^tli 


76 14 M) 4)^212 46 *^0 6' .-ru W)-«-n 41 200 04 a:0, 79 118 92*0 33 144. 87*0.40 132,96*0.43 


: M-au 

'SljiJid. dfV'. 

I f '<« f. (if var 
II lA-nirtl* I Nb^an 
In frdiit t Stand, dev. 
nf iniuitlt i ( 'tii f. of var 
C I^'iiKtli { Mean 
belilnd SUiiiil. dev. 
tnoiilli j 1 (H f, of var. 

D. I’nijMirt Ion of l•nHr^' 

leiiKtl) lyliiK In front of 
llicniniitli 

E. [ Mean 

Hrejidtli s Stand. <U-v. 

jc.s'f. of var, ^ 

K. Proportion of iuf tm 
linnidtli to mean teiuo h 
( r. ( '(H'fliclertt.s of corn la- i 

Mon I 

1. Total leiidfli of I 

liidlvldmit A XV Itli 

same of It 0 J'll) vO 0410 411 •(; 034 O 245*0 037 0.358*0 0360.210 * 0 041: 0.432* .033 0.231*0.034 

2, Part before mouth I 


Id OH t(t 

31 

16 !)7' 

-() 

4‘ : !0 42*0 29 

19 18*0 56 

7 54*0 

23: 

9 50*0.28 

5 72 * 

0 

11'; 

7 99 ‘ 

7 0 

2:.' .1 HU*0 16 

9 54*0 2S 

6 34*0 

19 

6 62*0,19 

111 02 ‘ 

-0 

44 I2S 64 ' 

(0 

38; 



7] 33*0 

20 

88 76*0.23 

6 21 t 

0 

31 

9 37 ' 

•-0 




4 5S*0 

14: 

5 60*0.16 

5 60 i 

0 

2s 

7 28 i 

0 

2r 



6 42*0 20 

6 45*0.19 

66 M . 

d 

■51; 

8:1 83 -t 

0 

3-8' 



47.59*0 

21 

58 10*0 22 

7 22 • 

0 

3t;: 

9 .3 4 * 

■ 1) 

2. 



4 75*0 

15 

5 43*0 16 

10 9] * 

0 

.56 

11 14* 

0 

32, 



9.98*0 

31 

9 .35*0 28 

63 0' 

rC 


60 6% 




60 0% 


59 9% 

29 21 t 

0 

hs 

43 OS a 

d) 

19 

•7 96*0 

27 

29 02*0, 

10: 

4.5 97*0.16 

2 66 t 

u 

12 

4 .58 » 

0 

h'' 

6 59*0 

19 

3 61*0. 

11 

3 89*0.11 

9 11 » 

0 

4:1 

1(1 63 ‘ 

0 

3r 

13 7.5*0 

41 

8 98 * 0. 

39 

8 47*0 2.5 

16 6' 

i 


20 4' 

'.e 


23.9% 


24 4% 


31.7% 


tn ,1 wllli s.ame 
(n /< , 

3. lln-a.lthuf .1 with 
saineof/J 

4. Part before mout fi 

wltli lot .at ft'iiv+li 
(of same Indi- 
vid nal) 

5. Part I adore mouth 
with twjri behind 
mtnith (of sHiiw 
Indlvldunll , . . 

6 Total letutth with 
total hn'adth (of 
same IndU Idiial) 


0 4(H) to 0:14 


I 0 435*0 035:0 370*0.036 

:0 295*0 03S 0.325 * 0. 037: 

0.830*0.0140 886*0. OOf: 


0 277 * 0 040:0 488*0 031 
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proof of the fitting and change of form in the anterior region 
during the union. 

3. This same thing is still more clearly shown by the change 
in our third point. In the two members, A and of the united 
pairs, the correlation of the parts anterior to the mouth i^that 
of A with that of B) is double the correlation between the total 
lengths of A and B. But after separation the correlation is prac- 
tically the same for the two dimensions. This is shown in ta))le 
21 . 

IWIil.K 21 

Correlation of parts anterior to the mouth, as compared u'iih corrchition of total length, 
inconjugants (1) during union, and {2) after separation 

COURKl.ATJON U’lTWKKV l’\hTH C(-HUlV;i. AT!( »N L KTW KKN ill TAI, 
1. CONJUtiAN'TS DVHINtI UNION AMUJUOR TO MOl Til I.KNOTHS 


Lot 7, tnble 18 

0.840*0 0li> 

0.333*0 01S 

Lot IS, 18 

0.620*0 o:u 

0.323*0 046 

Ix)t 24, table 20 

0.43.5*0 035 

0,210*0 036 

VJU(JA>T8 12 HODRS AFTER 
8LFAKATIO.S 



Lot 22, table 20 

0.400*0.034 

0 411*0 034 

Lot 24, table 20 

0.432*0 033 

0 370*0.036 


From all these facts it is clear that tin? parts anterior to the 
mouth are fitted to each other during union, giving high corn^la- 
tion. After separation the change of form that brought al)out the 
fitting disappears, so that the correlation for this part becomes 
no greater than that for the body as a whole. The correlation 
for the entire body however persists undiminished. 

Correlation of pairs not due to equalization. These facds of 
course demonstrate completely that the correlation in total length 
is not due to the contraction, curving, stretching, etc., that takes 
place in fitting one conjugant to the other, f(jr this correlation 
is fully as great after the change of form due to this fitting has 
quite disappeared. There is clearly an assortative mating that 
is quite independent of this fitting process, larger individuals 
mating with larger, smaller with smaller. 
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Another!' conceivabU^ method of equalization is discussed by 
Pearl ('07). He suj^^^ests that this might occur by a passage of 
fluid from the larger to the smaller individual of the pair. He 
points out that this would be a process requiring some time, and 
that therefore^, if this werr^ the explanation of the correlation^ the 
latter should be higher in pairs that have been in conjugation 
for some titufj, than in (host' iii the early stages of the process. 
By sorting out those in (‘arly stages of the process (as shown by 
the nuclear conditions), and comparing them with those in later 
stages, P(‘arl slioived that this is not the case. The same thing 
will be shown expcTimen tally later in this paper; pairs taken in 
the earliest stag(‘s of conjugation give as high a coefficient of cor- 
relation as tfiose which have l)een united several hours (see table 
24 and tlu! adjoining discussion). 

Of course there is absolutely no indication from any source 
whatt^vfa* that any" apprecia})le (plant ity of (’vtoplasm passes from 
OIK' UK'mbi'r of the pair to the other. Thus the suggestion of 
('(pialization by this means is one so entirely without foundation 
as to luirdly recpiire for its disproof the evidence above given. 

3. (-Iiange of size during unioji 

A cause that miglit conceivably produce correlation between 
the members of pairs is the following: The conjugants might 
change in size in some typical way, either decreasing or increasing, 
during the ]>erio(l in whicli union continues. Thus, if they de- 
crease in size, the pairs at tlie beginning of the period of conju- 
gation would l)(' large; those near the end of the period would be 
smaller, and int('nuediate oiu's would show intermediate sizes. 
If we took then a collect ion containing pairs in various stages of 
this process, we should liml a marked degree of correlation in 
size. 

It is therefore important to determine whether such a typical 
change of form occurs during union. For this purpose I tried 
tlie following experiment. A wild culture of Paramecium cauda- 
tum was placed, on the oveming of September 20, 1910, under 
conditions fa\'orable for conjugation (many specimens in a shal- 
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[ow watch At this time there were no conjugants in the 

lot. Now, as Maiipas {'89, p. 171) has noted, under sueh condi- 
tions Paramecium caudatum begins conjugation in the early 
morning. At five o'clock the next morning rare scattering pairs 
were found. Others were beginning to unite, so that as I w at dual 
them the number of pairs increased rapitlly. Beginning at six 
a.m. I picked out about 200 pairs as quickly as i)ossible: jdl these 
were isolated, with no admixture of non-conjugants, befon^ seven 

T VULK n 

Corrt'lation ttilih' for It’Udlh.'^ nf of lot m 

the. carlieal stagc.< of coujHgniion. 'fiii of nu nsurr- 
mrnt, 4 mrroits) 


40 

41 42 

43 

44 

45 

46 

47 

48 

49 

50 

51 52 


:\H 

39 2 


1 


1 


1 
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4 

40 1 
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41 
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2 
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42 
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2 

2 
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15 

43 
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2 
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16 

44 
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2 
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45 
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.3 
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14 

46 
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3 
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9 

47 






2 

6 

1 

1 

1 1 

12 

48 . 








1 



1 

49 








1 



1 

3 

1 

7 

15 

11 

14 

11 

17 

8 

5 

2 1 

95 


a.m. At this hour 1 killed about onedialf the lot; theii’ measure- 
ments are given in table 22. This includes ])airs in oidy the early 
period of union. The remainder were kept for five houis, till 
noon; then these were killed; their dimensions are givTU in table 
23. If there is any typical change of size during conjugation, 
comparison of these two tables will show it, since in the latter 
table the animals have been in conjugation five hours longer than 
in the former. Furthermore, if such change of size is the cause 
of the correlation, then a table comprising both sets together should 
give a higher coefficient of coiTclation as well as a higher coefficient 
of variation than either of the tables alone; and notably higher 
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than the coefficients for the pairs in the early stages of union 
(table 22). The data for the two lots separately and for both 
together are given in table 24. 

As table 24 sliows, there was no change in size during the five 
hours of union between the taking of the first and second sets. 

TAIil.K 23 

('oirflatiftH lahU fi>r tenglhs conjugants 
of lot !iS ifi Intrr of i unjugalion. 

[(hiii of mensurcfncnt, 4 fnivrons) 



12 

43 

11 

45 

46 

47 

18 

49 

50 

51 


40 
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41 
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42 
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13 

43 
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1 
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15 
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5 
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1 
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10 

46 
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2 
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1 

7 

47 






1 

1 
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4S 












19 









1 


1 


4 

2 

6 

4 

14 

9 

6 

4 

3 

1 

53 


TAHLK 24 

C’onslart/.'i of vnrialion for the paifs of lot ?5, nfler different periods of union 


NUM- 

IIK'K 


TAI Kft 


ukviatjdn 


COKFFiriENT or 
VAHIATION 


corrriciEjrr or 
corbei.ation 

tN l-ENGTH 


Pairs in tho earliest 
sta^c of union; 

7a.m 95 179 79=^0 53 10.;9±0,37 6,00^0.210.303 *0.044 

Pairs that have been 
uiiitcil more tluin 

five hours: 12 in.... 53 179.S1*0 6-1 9.72 * 0. 45 5.41*0.250.118 *0 065 

Pairs in curly and lute 
St ages of union t&ken 
together (sum of the 

two foregoing) 14S 179.80*0.4) 10.42*0.29 5.80*0.160.245*0.037 
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The mean lengths for the two sets are perhaps nearer together 
than one would usually hope to get them for two samples of the 
?aine material. Further, there is no increase of variation nor of 
correlation when we unite the pairs that have been but a short 
time in conjugation with those that have been united a long time. 
In fact the coefficients for the two sets taken together i\re siiglitly 
less than for the lot in the first stages of union, though th(' ilitTer- 
cnees are merely those that might be expected when two samples 
of the same material are examined. It is clciir thei’efore that the 
correlation is not due to any characteristic change in size as union 
continues. 

4. Differential contraction due to killing Jluid 

Another cause which might conceivaldy produce correlation 
between the members is the following: A contraction or other 
change of form due to the action of the killing fluid might vary 
among the different pairs, owing to the impossibility of all coining 
in contact with the same coricentration of the fluid at the same 
relative instant. If such differences occurred, they would ahvaj s 
i)e between different pairs, and not betwa'cn two metnbers of th(' 
same pair, because both members of a pair keep-togeiher, and 
would therefore be subjected to identical influences. Thus 
we 'should have some pairs that w'ero contracted and thorefor(‘ 
short; other longer; the result, when all were taken togethei', 
would be to give a correlation in length between the memlxTs 
of pairs. 

Any change of form due to the killing fluid is evidently wry 
slight, if it occurs at all; nevertheless, Paramecium does possess 
a certain contractility and it seemed best to test carefully this 
possibility. For a time indeed I w^as inclined to attach consider- 
able importance to it. An opportunity for a test is given by the 
experiments already detailed, in w’hich the conjugants w-erc meas- 
ured after they had been separated at least twelve hours. After 
the pairs have separated of course the tw'o wall no longer be sub- 
jected to identical action of the killing fluid ; all correlation should 
therefore disappear, if it depends on tMs action. As a matter 
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of fact, as wo have seen, the correlation does not disappear, and 
is not even lessened under these conditions. 

However, in such experiments, the tvvo members of a given 
pair an‘ usually fcilled together in a single minute drop — each pair 
separatrdy. It f night still be maintained that there are accidental 
differenctjs in the action of the killing fluids on the different 
drtips, causing diffcrtmt degr(‘(‘s of contraction in the different 
pairs; this wo dd therefore still give us correlation. 

In order to t(‘st tliis, in ti nionber of lots, I killed the two in- 
dividuals of each pair separately, in separate drops. If the fac- 
tor we are discussing plays any part, it would now act strongly 
miaiml correlation, sinc(' the two nunnbei's of a pair would con- 
tract div(Ts{‘ly. TIk'N' sliould h(‘ no correlation in such pairs, 
if {'onadation is duj^ to diversity in action of the killing fluid. 

hi certain lots [ had three sets of pairs: (1) those killed while 
united; (2) the tivo members separated, but killed together; (3) 
the two mernlxTs s('pai'ated and killed separately. C'omparison 
of thes(> will <uiable us to set at rest ;il)solutely the question of 
tlu‘ part pL-wd by any difftTcntial contraction duo to the killing 
fluid. The pertinent data are giv e 2 i in table 25. 

As this labl(‘ shows, the correlation persists even when the 
separati'd mu uh hers of pairs are killed separately. Thus the cor- 
relation is (‘('rtainl} not diu' to aii\ diffeiauitial actioji of the kill- 
ing fUiid on the <lifferent pairs. 

OiK' peculiar case in the table rcfpiires mention. In lot 24,’ 
we find that for the set)arated pairs in which the two members 
were killed in th(‘ same drop, the coefficient of correlation (0.506) 
is much greater than for the ease vvfiere the two members >vere 
killed in separate droj)s (0.230). This taken by itself wmuld seem 
to indicate that tlie killing of tlie two memhi'rs together does have 
a decided influence in increasing the correlation. But further 
e.xamination shows tliat there is n<^ such indication. First, in 
this same lot tlu' (‘orrelatitm for the separated pairs killed sepa- 
rat(‘ly is (jn nfcr than for the pairs still united. It is clear therefore 
tluit the positive' (‘orrelation of the latter is not due to the fact 
that (he tw'o members of the pair w'ere killed together; and this 
is [)n'eisely the qeiestion* wo are putting to the tost, Second, in 
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the cas(‘ of the separated pairs killed together, not only is the 
coefficient of correlation greater, but the variation is likewise 
much greater than in tht^ case of thos(‘ killed separately. In the 
former the cofdficient of v^ariation is 7.70, and the range of varia- 
tion was from 88 to 108 microns, while in the latter the coefficient 
of varial ion is but 5,07, and the range was from 128 to 164 microns. 
Noft' this great difierence in variation cannot possibly be duetto 
th(^ fact that the two members of the pairs were killed together 
in one case, s(‘parat(‘ly in the other; there is absolutely nothing 
in this procedure* to change the variation. ('learly, the differ- 
onco between the two lots is purely accidental. Among those 
taken for killing the two members together, it happened in this 
particular case that all the extreme specimens fell, leaving the 
medium individuals for tin* other lot. lioth samples are rather 
small, so that this is not particularly surprising. Now, we have 
seen on previous i)ages that collections containing only specimens 
of medium size give a lower degi'ee of correlation than do col- 
lections containing exireme specimens. This is clearly the ex- 
planation of this peculiarity. Sueli fluctuations in the coefficient 
of correlation due to the accidents of random sampling are not 
particularly rare. In one case, random matings of the compo- 
nent dimensions of a series of 125 pairs gave me a negative coeffi- 
citmt of correlation of somewhat beyond - 0.500, though there 
was absolutely nothing in the process of drawing the numbers from 
a hat that would tend to induce correlation of any sort. 

5. Local ar temporal differefitiaiiom m the culture 

An important possible cause of the i)r eduction of correlation 
in the members of pairs is set forth by Pearl (’07) as follows: 

It might be maintained tiiat since at different points in the culture 
and at difTerent times the environment no doubt differs slightly, there 
would be a corresponding local differentiation of the Paramecia in each 
local culture unit. Tlieji, even though the pairing were quite at random 
in each locality, yet if the reeonis for several such localities were mixed, 
a spurious homogamie correlation would arise (p. 256). 
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Larger pairs would come from oiu* part of the culture, smaller 
fj-nin another, giving of course a positive eo(‘Hicienl of correlation. 
This result would be much accentuated if the pab's were taken 
fiMHU the cultures at different times, as was actually the (‘ase in 
tlie study made by Pearl. 

IVarl attempts to meet this by taking the two uon-cnujugant 
individuals nearest to each pair, and henc(‘ from the same environ- 
ment, pairing these, and making a table of the results. S\n*h 
]udrs give no positive correlation. 

I am not convinced that PoarLs procedure* fully meets this 
difficulty. In the non-conjugant pojudation we have to dead 
with the great variability due to growth. Of the two single 
individuals lying nearest a pair, one might.be old and large, the 
other young and small. The difference might be much greater 
than any differential effect of the (uiviroinncnt. In the case 
of the conjugants, on the other hand, this difference in growth 
plays little or no part. That is, in the nou-conjugants W(‘ have 
an important source of variation that is independent of the en- 
vironment, while in the conjugants wc have not. It would a)}jM‘ar 
likely therefore that local environmental differentiations would 
have much more effect on the correlation of t‘onjiigants than on 
that of non-conjugants. 

In the case of the conjugants studied in the jna'serit pajxT this 
source of error was completely excluded for most of the lots ex- 
amined, through the method by which they were taken. On the 
evening before the day the conjugants were desired a groat num- 
ber of individuals, none of whom were conjugating, wvro tak(‘n 
from the large culture and placed tfigetluM* in a small watch glass. 
Tliey were thoroughly stirred and mixed in the jirocess. The 
watch glass contained ordy water, besidi's the infusoria. On the 
following day the animals were conjugating in multitudi’s. There 
had been absolutely no opportunit\ forloi'al differentiations such 
as might give origin to correlation, yet collections so made showed 
the same degree of correlation as did others taken from larger 
vessels. In the cause of collections of crinjuganfs taktm from large 
cultures, I removed individuals from only one small region and 
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all at the same time, so that the results of local differentiation 
were avoided in tln^se cases also. 

The fact that the coefficierds of correlation for my samples 
are notably less than they were for PearFs (see page 38) perhaps 
indicates that th(“se local differentiations may have played some 
part in Pearrs n'sults. .'Vs Pearl himself remarks ^‘the samples 
used in this (his) work w(Te taken in just such a way as would 
make most pronounced any spurious correlation due to local 
differentiation resulting from time or place factors. Small 
samples, a drop or two of culture fluid, w’ere taken from different 
parts of tlui culture at inter v'als of time” (l.c., p. 256). But the 
results f)f the pres(Mit i)iii)er show that the effects of this w^ere 
limited to increasing to a certain extent the degree of correlation 
obsiTveil. They do imt account for the existence of the correla- 
tion. 

0. Other sufjgesied causes 

Pearl rais('s the (pUNstiou “whether these correlations represent 
any true assort at ive pairing or merely arise because conjugation 
goes on wdthin a limited, differentiated portion of the population, 
which portion, as has been show’ii above, is much less variable 
than the non-conjugant ])opulati()n” ('07, p. 254). 

It is not a])parent how this last mentioned condition could 
produce correIati(m, since the latter is not affected in any way by 
th<‘ (‘haract('ristics of that part of the culture wdiich is not conju- 
gating, and low variation has no tendency to cause correlation. 
However, Pearl demonstrates fully that this is not the cause of 
th(* (auTelation. I le makes random pairings between the measure- 
ments of the conjugating individuals, and shows that these ex- 
hibit no correlation, as they must do if the explanation just 
mentioned is correct. 

7, Correlation in breadth 

In the {)resent paper I have dealt mainly with correlation of 
the tw'o conjugants in length. It is here that the most important 
relations show themselves. Furthermore, as Pearl pointed out, 



COXJrCiATIOX IX PARAMKL'IUM 


83 


[\\o measurement of breadth in conjugating paii's is very inaecur- 
owing to the flattening that takes place as conjugation occurs. 
Also, the ridge forming the right side of the boundary of the oral 
tu oove of one specimen fits into the oral groove of the other, ])r()- 
ducing an interlocking which makes it almost impossible to deter- 
mine correctly the breadths of the two individuals. 

On these accounts I have not thought it worth whih‘ to deal 
with the breadth in any such full way as I have dealt with the 
length. Anyone who is interested in a careful analysis (d the 
breadth relations of the two conjugants will find it in the paper 
of IVarl (^07). I shall take up only a few points not brought out 
by Pearl. 

a. Flattening at the (me of conjugatiou. Pearl states that at 
the time of conjugation there is freipiently a ilorso-ventral flat- 
tening of the two individuals, sucli as would result from pressing 
the two together; he gives how(‘ver no measurimients on this 
p(tint. I have endeavored to obtain some pna-isi^ data on the 
matter in certain cases. 

In the small race c (aurelia) (lot 9 of table 2), J measured tin' 
amount of flattening in fifty ])airs. This was doin' as follows: 
The breadth was fii'st measured as the two im'mlxTs of tin' jiair 
lie side by side, in the usual position. This gives the dorso- 
ventral breadth. Then the animals wen' tiirm'd till oiu' lies 
directly above the other; the} were kept in this position by plac- 
ing them in a jelly made from quinci' seeds in watiT. In this 
position the lateral breadtli (at right angles to the dorso-vcntral 
breadth) was measured. In almost all cases the lateral breadth 
was notably greater than the dorso-va'iitral bn'adth, showing that 
the animals were di.stinctly flattemal. The two bread tins are 
^^hown for these one-hundred conjugants in tal)lc 20. 

1 made the same measurements also for fifty lujn-conjugants 
of this same culture. These were likewise flattened in the same 
way, indicating that the flattening was not due to the pressing 
of the two conjugants together, but that it exist t'd in tliis culture 
independently of conjugation. The dorso-ventral and lateral 
breadths are given for the non-con jugants in table 27. The con- 
jugants are flattened a little more than the non-conjugants; 
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TAIU.K 2« 

Lateral ami ilarHu-i^t^niral beendthH (or 
thick nr.H Ufa) uj 100 CDnjugaTit.'i of lot 
9 (rare <•). {fnit, 4 mi irons) 

iMlcral 

7 S <J 10 11 12 12 


^031 t 

^ 7 I 3 4) 4 I 1.5 

2 S 1 2 12 II 3 I 30 

k 0 15 20 4 39 

4 10 !l 1 I 11 

"^11 1 1 


2 K 19 30 31 0 1 100 


TABLE 27 

Lain nil fiiifl dorso-venlral breadths {or 
thicknesses) of 50 non-con jug unU of 
(ot 9 (race c) 

Later at 

; S 9 10 11 12 13 

4 1 1 

.5 11 2 

”5612 3 

7 -2 1 4 1 8 

r 8 2 6 3 11 

I 9 2 5 1 8 

4 10 4 4 8 

11 2 3 16 

12 2 2 

13 ' 1 1 

4 3 Ifi 9 6 10 2 50 


ill tiic foniior the moan dorso- ventral breadth is 83.4 per cent of 
the mean lateral breadth; in the latter it is 8G.5 per cent. 

Thus in certain conjugatin|j cnltnres there is a notable differ- 
ence between the dorso- ventral and lateral breadths, even in 
non-coniuji;ants. It is important however to bring out clearly 
the fact that in mod cullurcs of Parameemmj irkidher conjumting 
or not, there is no snich flattening. I have made measurements in 
the same way ot several other cultures, and have examined many 
more, and in no other case have I found any such marked flatten- 
ing. In this culture of the race c, the animals were thin and 
showed every appearance of being in process of starvation. I 
believe that this is the explanation of their exceptional dorso- 
ventral thinness. In most cultures the animals are nearly or 
(piite circular in cross-section. 

I). Correlation in breadth in pairs after separation. Pearl gives 
the coeflicients of correlation in breadth for three lots of pairs 
that iu-e still united. It seems worth while to add here the breadth 
correlations for certain lots measured after the pairs have sep- 
arated. In such cases there is no such difficult} in making accur- 
ate measurements of breadtli as we find in the case of pairs still 
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united. The correlation in breadth for three sii(‘h si‘])arated lots 

^iven in table 20 ((7, 3). The values for the eoetlieients (0.356, 
0.205 and 0.325) are not far from those found by Pearl for unsep- 
arated pairs (0.218, 0.342, and 0.349). 

c. Correlation in breadth not due to equalization. It is worth 
pointing out that the correlation in breadth of the two uHuiibers 
of a pair could not be produced by that eciualization of tlu' pairs 
through stretching, contract ion, curving, etc., which we lla^e 
discussed so fully in the foregoing pag(‘s. Por as tlu' length of 
the two was made more nearly equal by this [iroeess, the l)r(‘adths 
would inevitably become more uinapial. The shorter memlar, 
stretching to match the longer, would become more shuider; 
the longer specimen, contracting to match the short (‘r, would 
becojue broader, this increasing tlu‘ dilhreiuM's already existing 
(existing as a result of the fact that the longer s]iecimens are al- 
ready broader than the shorter s))eeim<‘ns, a fact demonstrated 
i)y Pearl f'07) and the present author (’OS). Thus tin' exist tana' 
of marked correlation in breadth bet\\een tin* nn‘mb(*rs of ])airs 
is in itself a demonstration that the correlation is not dm* to I In* 
eejualizing during union; a demonstration nunh* on otin*r grounds 
elsewhere in this pap(*r (pp. 65-74). 

S. Historical and coinpaniluc 

Pearl (’07) w'as apparently the hrst to notice* the assort ative 
mating in any infusoria, and his study of the matter was more 
thorough than any other made previcaisiy to the present ])aper. 
We have dealt so fully wdth his w’ork in tin* body of this paper that 
we need not dw'ell further on it here. 

Collin (’09) observed that in the conjugation of Anoi)lophrya 
branchiarum, a parasitic ciliate living in tlu* bl( 3 <Kl <jf (laminarus, 
the two members of a pair are usually of ncariy equal size, although 
the different pairs differ much in size. Ho thinks that there is 
real assortative mating, larger iiulividuals mating with larger, 
smaller wdth smaller, as in Paramecium. How'cvcr, a part of 
the greater similarity of the tw’o members of a pair is in Anoplo- 
phrya due to the fact that as conjugation progresses the individ- 
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imlH of th(* culture become smaller. Hence the first individuals 
that conjugate fijrm larf^e pairs; later ones form smaller pairs, 
still later ones still srualhT pairs,- (although the size of a given 
pair does iKjt change during conjugation). This does not, Collin 
thinks, account fullv for the similaritj^ in size of the two members 
of a pair, for (‘V(‘n among the individuals that conjugate at any 
giv'en p(Tiod one finds much greater rescanblance between the 
two members r^f a giv(‘n pail', than between member.s of div^erse 
pairs. (\)lliii (h)('s not giv(‘ nuaisun'inents. 

h.hiric[Ues (’OS) studied conjugation in (,’hilodon uncinatiis, with 
relation to the probhau of assortativc mating. He found that a 
change in form takes place during conjugation, by which the 
left rnemlxT of tlu' j)air becr)mes shorter than the right; further, 
the e\ idence indicatt'tl that th(‘ left-hand member was even before 
(a)njugation soiia^what .smaller than the right-hand one. This 
latt('r relation would n'sult from the fact that in the process of 
conjugation, owing to (Ma-taiii ])cculiarities of form in Cliilodon, 
the largei' imlividual always becomes the right-hand member, 
the smaller one tiu' h'ft-hand member. 

Assortativc mating was studied with relation to the question 
wh(‘ther the two mem!)('rs of a i)air tend to be of the same size or 
not. That is^ if the member A diverges from the mean of all, 
does the other individual li likewise diverge in the same direction 
from the same mean? l^inihpies studied this question by deter- 
mining the nu'an dilTercaico betsv('eii the two individuals of the 
pairs, and comparing t his with the mean difference in Icngtli when 
matings an^ made at random. In case of assortative mating in 
th<‘ s(‘nse above defined, the former value should be less than the 
lattt'r. hlnriques found that in most of his (rather small) samples 
it wa.s not less; so that there was no indication of assortative 
mating in the sense defined. But in .samples taken toward the 
('lid of an epidemic of conjugation, the members of pairs were 
more alike than were iiuliAuduals taken at random, so that a 
degn^e of correlation is indicated. For two of liis lots Enriques 
worked out tlu^ coefficient of correlation; for the early sample 
the coefficient was zero; for the later one it was 0.4. Thus in 
tlu^ later periods of an epidemic there is an actual correlation in 
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between, members of pairs. Knrimies explains thi^dilTereiioe 
b,‘tw<‘en the early and the late stages of the ei)ideinie in the fob 
Inwiiig way: In the late stages of the epideniie many of tho pairs 
■Avv formed (wholly or partly) t)f individuals that haw ahaaady 
(•tjnjugated once in the same epidemic. Tliis fact is di'lia-mined 
hv .studying the nuclear conditions of the pairs; some indi\dduals 
are found to be undergoing the changes <‘onse(pu‘nt on a previ^nis 
conjugation. Now, l^airiqu(^< found in C'hilodou (as W(' ha^•e 
found in Paramecium) that the ex-eonjugants increase in size. 
Hence those that are conjugating for the S(Tond time in any t'])!- 
(Icmic are larger than tliose that are conjugating for the lirsl 
time. Further, Enriques found (hy studying the nueh^ar t‘on- 
ditions) that for some n^ason those ex-conjiigants ar(‘ lik('ly to 
conjugate together. Thus we get certain ))airs, consist iiig of 
rx-conjugants, in which both membc'vs are larg(\; i)thrr ])airs, 
consisting of individuals that have not i)(‘fore eonjiigatod, in 
whicli both members are small. This of coursi* results in IIh' ])ro- 
duction of some considerable degi’eo of posit iv(' corrtTdioji when 
tlie enthe lot is examined. 

Evidently, the question of main intcTwt is: Wliy do tin* large 
ex-con jugants tend to eonjugatt' togetlua* on tlu' oiu^ hand; tin' 
small individuals on the other? There is cl('arl> assortalivc‘ mat- 
ing (tf some kind. If (as ap])ears probable) it takers ])la(*e on t he 
basis of relative size, as in Paramecium, then the int('rpnd:Ltion 
of the facts in Chilodon would be th(‘ folkjwing: In tin* ciirly 
stages of. the epidemic the differences in size among th(‘ indixid- 
uals are not great enough to affect the mating, which tlnaefore 
takes place at random. But in the later period of the (‘pid('mic, 
<nving to the appearance of the large ex-con jugants, the diUVrenec's 
in size become so great as to prevcait tlie union of the largest and 
smallest individuals. Hence assortative mating occurs, giving 
rise to a certain degree of correlation l)e tween members of pairs. 

Enriques raises the question whether laveonjiigation among 
larger ex-conjugants may not he the cause of the correlation in 
Paramecium. It is quite clear that this is lajt the case. (1) 
Pearl (’07) shows that the correlation exists when one includes 
only individuals showing early stages in the nuclear processes 



HH H. S. JEXXINGS 

attendant on conjuKatioii. (2) We have shown above (p. 75) 
that when pairs are taken in the very first stages of an epidemic, 
bi^ore it has f)een in i)rogress more than tw^o or throe hours, there 
is still corr(‘Iation in size in the members of pairs. It may be 
noted that there appears to he no evidence that in Paramecium 
re-conjugation ever takes place among ex-conjuganta. 

Attention should b(‘ called to the fact that the method used 
by l^hiriques does not furnish a test for another possible kind of 
assortative mating. In ('hilodon, the right and* left members 
f)f the [)air an* nuirphologicaily differentiated and the right one 
is usually hirg(‘r. Now, it is possible that assortative mating 
mav Si) oeeur that w'hen the right member is larger than usual, 
tlie left rjKunber nuist also be larger than usual, though it need 
not Ix^ large as the right one. That is, when the right hand 
nKanlxa’ is^ibove the average size for right-hand vienibers, the 
l(‘ft member may hv above the average size for left-hand viemhers. 
This tnight still be true, even though the average size for right- 
hand meitib(a's w'(‘re er)nsi(ierably gi'eater than that for left-hand 
members. Jf this \v(‘re the case, then the average difference 
between tlu' two members of a pair wmuld be greater than the 
av('rag(‘ ditTerenee betw’oen members of random matings, and yet 
tins would not be evidence against the kind of assortative mating 
w^e have nnaitioned. This kind of assortative mating could be 
t.est(‘d l)y (h^termining tlie coefficient of correlation between all 
the right-hand members (entered as A*^) on the one hand, and all 
the left-liand imnulx'rs fas }') on the other, each set being referred 
to its own mean (as in tlie usual computation of correlation), 
instead of to the mean of all. A parallel case for this is set forth 
for Parameeium oiq p. 58 of the present paper. Unfortu- 
nately, lhiri(|Ui^s has not giviai us the correlation tables for the 
actual measurenuMits of his pairs, so that the existence of this 
kind of corndation can not now* be tested for Chilodon. 
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9, Conclusions on assorfativc niodnij 

The results of our examination of the causes of tin* eorrelation 
hetween tlie members of pairs (an examination tl^t can ]HTlia])s 
fairly be designated exhaustive) is to (“oniirm Pearl’s einiekision 
that there is actual assort at ive mating in I’araineeium larger 
individuals mating with larger, smalltM’ with smaller. This shows 
its eflect in ttu-ee main categories: 

1. When the two species eaudatuni and aurclia are conjugating 
at the same time in the same culture, they ilo not int(‘r-cross; 
caudatum conjugates only with caudatnm, aui-elia with anrelia. 
Since the two species differ in size, this givc's ^'ery high cocdlif'icaits 
of correlation (0.940, in length). The onl^> rtaison that the co- 
cfTicient is not actually 1.000 is tin* fact of incom])let(‘ cwnPition 
within each of the two coniiionent s])eci(‘s. 

1?. When races of different size are ])res(‘nt, as is^ usually the 
case in SvikP cultures even of a single sjx'cii's, tin' meiniKa’s of 
the larger races tend to conjugate tog('ther, on tin' one liaini; of 
the smallt^ races on the otlu'r. Tin' con‘('lation (in length) thus 
arising is less thafi when two sj)ecies are pres('nt ; it averagi's about 
0.380, in the wild cultures of the pr('s(‘nt ])a])(‘r. 

3. When members of but a single race are pi esent (all d('sc('nded 
from a single individual), tlnae is still a notable corn'lat ion, larger 
individuals mating tvith larger; smaller individuals with smaller. 
But this process of assortment is conshleraiily h'ss accarat(‘ than 
when diverse races are present; for iiiire rac('s the coeflicient of 
correlation averages but about 0.2o0, as against 0.3S0 for mixt- 
ures of races^ and 0.940 for mixtures of sp('(*i(‘s. 


IF. CONSEQUENCES OF THE DlEKERi: NTI ATION OF 'I’lIE CONJU- 
GANTS AND OF THEIU ASSORT AT IVE MATINCJ 

What effects in the further history of tin' organisms nisult 
from the occurrence of conjugation? Wliat are the consecpiences 
in inheritance, of the decreased size and variability of the conju- 
gants, as compared with the non-conjugants? What con- 
sequences follow from the assortative mating of the conjngants? 
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(JOX.SECjUKN'CKS OF THK DKCKKA^KD SIZE AND LESSENED 
VAKIAIULITY 

1. Are the extreme i^pem uma^ excluded from the neir generation? 

Does the deereosed siz(t nml lesseiuHi of the conju- 

^aiits iiidiealc) that (‘xln-nie individuals (jf tlu^ rare are excluded 
from takiji^ part in tln^ new ^emaaitiorp conjugation tending thus 
to maintain th(‘ averagt* racial type unchanged? 

As w(‘ hav(‘ s(‘en, tlu; non-(‘onjugant ])o[)uIati()n includes many 
individuals that are larger, and s(jiiie tfiat are smaller than any 
of the eonjiigants. Are tln^se smaller and larger individuals 
exeludt'd fmm part icij)at ion in th(' furtlu'r development of the 
race? 

a. As to the smalha* individuals, examination of the compar' 
ative tabl(‘s (tables M Jind 35 of the Appendix) will show that 
the noii'Conjugant poj)ulation usually contains but few individ- 
uals smaller than the eonjiigants, its main differentiation lying 
in the <t]>posit ('direction. Now, we have already shown- that these 
small nnii-conjugants are merely young specimens, tliat have not 
yet ri'aciu'd tlie size for conjugation. A few hours will of course 
remedy this. The small indi^•iduals are then not excluded from 
conjugation. 

b. The main ditTerence lie tween conjugants and the general 
])opulation is that the latter contains many sjiecimeiis much 
larger tluui the conjugants, Ar(' these larger individuals excluded 
from conjugation, and so from tlic further progress of the race? 
Or are these larger individuals merely temporarily differentiated, 
their progeny becoming conjugants later? 

This matter was t(^sted in a number of cases by removing from 
a conjugating culture a considerable number of the large non- 
conjugants, (xich inucli larger than any of the conjugants, and 
keeping them under conditions favorable for conjugation. 

Thus, Jauuarj 30, 1908, 1 removed from the conjugating cul- 
ture of lot 0 (table 34) one hundred of the largo non-conjugants. 
On the iu‘xt day fifty of these were killed and measured: they 
had a mean length of 211.52 ^ 1.90 microns; a mean breadth of 
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r>j4S=t 1.17. They had multiplied a little diimi^ the night, so 
\\va\ this is really less than the original size. The eonjugants 
at the same time had a mean length of but 1S1.49 ± O.ol; n\ean 
bn-idth 48.11 ±0.87. The remaining large nou-eonjugants Nvtae 
allowed to multiply, and on February 24 their prog(Miv were found 
tu be conjugating. Tlic conjugants whieh they gav(‘ were of 
oai.sibly the same size as those of the cu!tur(^ as a whole. Tlu* 
mean length, from 21 pairs, was 170.91 ± O.SS miet'otis; im‘an 
breadth 48.19 ± 0.51 (as compaia'd with 181.49 by 4S.11 for the 
culture as a whole). 

Thus in this case the large non-eonjngants wen^ by no uu'atis 
(‘xcluded from conjugation and lh(' farther dcn'elopnuMit of the 
race. They represented mereh a Uunporary stag(', not as v(‘t 
))repared for conjugation, but ready to eu[(‘r ui)ou it aftrn’ a few 
ils.^jons. 

Similarly, from a wild ciiltuia' .V there wer(‘ isolat(‘(l on March 
21, 1908, one hundred of the largest non-conjugants, and a enn- 
siderahle numbei of pairs of conjugants. Half of (^aeh were killed 
at onee; the fifty large non-coiijugaiits .'^how(Hl iiu^an dimensions 
of 224. 16 by 53.36 microns, while the sixty-six (a)njugants iiuais- 
ured 139.94 by 38.55 in mean huigtlt and bia^adth. On the fol- 
lowing day" nutnerons conjugants were found among the progeny 
ef the remaining fifty non-cftiijugants. The large individuals 
were thus but temporarily excluded from conjugation. 

A sitiiilar experiment was tried with the small i)ure race c 
taurelia). On September 27, 1907, 1 i8olat(al from a c(jiijugating 
culture ten of the larger non-eon jiigants (larger than any conjii- 
gant.s); also five pairs of conjugants. These w(Te cultivat(‘d side 
Ijy side, under the same condition.^^. On September 30 theia; 
were conjugants among the progeny of the ten large n on-con ju- 
gants. (On the following day' there were likewise conjugants 
among the progeny of the pairs.) 

Again, from the pure race Xf 2 , I isolated, March 31, ten of the 
largest non-conjugants; on the following day there were conju- 
gants among these. 

Thus, it is clear that the large non-conjugants may later divide, 
take on the size characteristic of conjugants, and themselves 
conjugate. 
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Jielntue nize of progeny of co7iju(jantB and ncn-conjuganh: 
changea in size due io conjugation 

Do th(; ])rogrny of the large iiorj-eorijugants differ in size and 
variability from tin* progeny of the (much smaller) conjugants? 

Tlie answer to this question is bound up with that to another, 
so that th(‘ ttv'o will b(‘ eonsidcTed together. This other question 
is: 

Are tlu're characteristic changes in size resulting from con- 
jugation, so that a race just before conjugation is smaller or larger, 
or otherwise characteristically different from the same race just 
after conjugation? 

The answ(‘r to this question will tell us whether there are char- 
acteristic cluing('s in form and size in the different periods of the 
reproductive cycle (from conjugation to conjugation), for iust 
before conjugation the animals are at the ciui of the cycle; just 
aft(T th(w are at the beginning of it. 

To answer theses (|uestions expcu'iments were carried out on a 
number of different cult\ires. The plan oi experimentation 
was in most cases as follows: From a conjugating culture a 
sample of non-conjugants was removed; also a sample of conju- 
gatiifg pairs. Part of each of these was killed and measured, 
tlius giving the initial size for each. Then each set was allowed 
to multiply fartlier, under rigidly identical conditions for the 
two sets. Samples of the progeny of each were killed at intervals, 
and compared as to size. The method of work was varied in 
diff(Tent cascvs, in ways tliat will be set forth. 

This plan of work, simi)le as it sounds, in reality presents great 
dithculties in its execution. Each- individual must be kept sepa- 
rate, in order that we may know that there has been no conju- 
gation save in the ease of the original pairs; and also in order that 
w(' may know to what generation of tlie progeny a given individ- 
ual belongs. Owing to these and other difficulties, it is not 
possible ti) ol)tai!i under those absolutely controlled conditions 
large numbers for comparison of the progeny of conjugants and 
non-conjugants, though the numbers given in the following are 
sufficient for answering the main questions. 
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It will be w'ell to examine fct tlie results in tlie ease of pure 
lines t>r races, then to take up ‘wild’ cultures. 

a. Comparison of progeny of conjuganls and non-conjugiuds in 
Iture races. The first comparison was made between tlu' ))ro^('ny 
(if conjuKants and non-conjugants all descended from the single 
individual A 72 . In the progeny of this individual conjugatiiuis 
occurred March 31 and April 4, 1908. In each case a random 
-ample of the conjugants and non-ccmjugants was killed ami 
measured; the relative sizes and variabilities are given in the first 
four lines of table 28. The non-conjugants were as usual con- 
siderably longer, and more variable than the cm.juganis. On 
March 31 there w'ere picked out five pairs of conjugants and ten 
of the largest nou-conjugants. In this case the individuals were 
not kept isolated, but the ten conjugauts w(Te ki^pt together in 
one watch-glass, the ten large non-conjugants in another, under 
identical conditions. Ten days later ( A])ril 10) samples of each 
of these were measured, giving the results shown in tlu* iifth and 
sixth row's of table 28. The progen v of tlie ])airs w(‘ro now a 
little larger than the progeny of the non-conjugauts 

The progeny of the very smalleslr pair observed on A I arch 31 
was kept separate from the remainder. On Aj^ril 20 its progeny 
were compared with those from the ten large non-conjugants 
taken on the same day. The residts ar(‘ gi^ en in the last two rows 
of table 28. The size of the two sets was now very nearly the 
same (those derived from the small jniir w'ere a trifle longiT and 
thinner). The variability of the two sets wms now ]>racticalh 
identical. 

AU'together this experiment show's the following facts: 

1. The progeny both of the small conjugants and of llu* large 
non-conjugHiits increased somewhat in size beyond the original 
mean for the non-conjugants. This was jirohably due to the 
nutritive conditions. 

2. The progeny of conjugants became fully equal in size lioth 
to the original non-conjugants and to the progeny of these non- 
conjugants. They w'ere in fact a little larger than the progeny 
of the non-conjugants, and the difference appears to be significant 
in comparison with the probable error ('at least on April 10). 







CONJUGATION IN PAHAMECIUM 


05 


The variability of the progeny of the conjugants increased 
and became sensibly the same as that of the progeny of the iion- 
nunjugants. 

l*'rom September 10 to September 20 a similar (wpt'riment was 
carried out with the race of Paramecium aurelia tliat I have called 
r,. The measurements for conjugants and non-conjugants of 
September 10 are shown in the first two rows of table 20; the non- 
conjugants are considerably larger. At this time four })airs of 
conjugants were placed in each of twelve watch-glasses; (aght of 
the large non-conjugants in each of twelve others; t lie two s(‘ts\vcre 
kept under identical conditions and ti-eated in tlie same way. 
The table gives the sizes of the progeny at c(M‘tain latta* dab's. 

As the table shows, the progeny of tlie conjugants wen* larg<T 
than those of the non-conjugants on September 18; less so on 
September 23, and smaller on Septemb<T 20. Possibly th(;oidy 
(‘(mclusion clearly justified is tiiat tiie progeny of the conjugants 
are not on the whole smaller than the ))r()g(aiy of the (larger) 
non-eonjugants. 

From September 25 to 20, 1 908, a similar (‘xp('rim('nt was muPr- 
iaken with the aurelia race (/, which is c]osel> similar to C-.. In 
this ca.se the second and third generations of the j)rogeny. wer(‘ 


T.un.i: 

Relative size of conjuganfs and non-conjugants and of their progc7tg from the. pure 
line C’l (aurtHa) 
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1 S<‘j»t. 16, '0S< Conjugants 

13S 

8V US 121 01*0 66 



2 .'H'pt. 16, '08 Non-conjuganes , 

no 

104-1641:12 18*0 S7 

24-52 

:}4 01*0.34 

3 Sept. 18, '08 Progeny of conjugants . . 

\:~> 

10)^-140128 00 il 67 

28-36 

31 20-< l.ia 

i Sept. 18, ’08Progcny of non-conju^iim-i . . 

70 

W 136116 17^ 0 T.'i 

24 si 

31 20’*0.45 

3 Sept. 23, '08 Progeny of conjugant'! 

r,>) 

120 !.jr,132 W tO Ki 

28'4S 

3.5 S4*0 42 

6 Sept. 23, '08 Progeny of tion-conjugants. 

.'{7 

108-1.62120 62*1 13 

24A8 

3.5 .52*0 67 

' Sept. 26, ’08 Progeny of conjugatit«. . . 

11 

02-136112.36*1.18 

20 40 

20 50*1,34 

8 Sept. 26. 'OS Progeny of non-coiijuganl.'’ 

53 

100-148 132,15*1 11 

28 41 

34 81 *0 61 
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coiTipar«(l for tho two sets. The results are shown in table 30. 
In this case the progeny of the corijugants were larger in the 
second generation; smaller in the third. The numbers obtained 
were small in this experiment, and Under such conditions the size 
depends much fm how r(‘cently fLssion has taken place. The con- 
jugaiitJi divided more slowly than the non-conjngants, and the six 
indivichials of the third generation were all apparently young. 
The results of this experiment then nuTciy show that there is no 
very marked pn^pojulerance of size in the progeny of either set. 

TABLE M 

Relative aize of conjugantfi and jwn-eonjnganta and of their orogeny in the second and 
third generations, in the race g {aurelia) 
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t 27, 'OS Ctiiijuniktif.H (tuLIf ;w, Icit JD) . 

2 Sfpt. 27, '08 Nijn-i’DiijiiKiiiil.s ((.!il)l*> ;?4, I<»t 1!^) . 
1 Sept, 2<>, '0,8 ( ’ii‘n(T!ttl<>ii 2f frcitil riHijuKJiuts 
4 Sf-(>t, 20, ‘o,s ( iciiiT!iH<)ii 2f frf)in rw>u-(*i>njiiKiirUf' 
,■> S<'{jI. 30, ‘0,H ( li'tuTjiMdn .'{f friirii 1 ‘niijiiniiiits .. 
<’> 20. '08 Oti<Ti»tliiri 3f from 


174 SM)-l,V2 IlS 28=^0 52 

11,8 8S-180135 02 

15 140 1801.54 03=^2.11 40-60 45.33=*=0.»7 

0 132-10.8 148 89* 2 52 40-56 60 22±1,05 

6 1 28- 1 48 1 ;{,5 33 * 2 24 32 40 36 00 =»= 0 . M 

111 141-11)8 156 40*1.64 40-55 49 60 *0,96 


A more extensive and precise experiment was carried out with 
tlie race k (aiirelia) from October 19 to 30, 1908. In this experi- 
ment the progeny of each of the original individuals was kept 
isolated. The lengths of conjugants and iion-conjugants of this 
race on September 12 are shown in the first tworowvsof table 31, 
while in the remainder of the table the first seven generations of the 
progeny are compared, generation by generation, for the two sets. 

In this case the [irogeny of the conjugants were larger in the 
first and second generations. Thereafter the results varied, 
neither set ha^'iIlg a uniform prepoiulerance. On October 30, 
the last day of the experiment, the progeny of the conjugants 
averaged a little larger than did those of the non-conjugants. 

Thus in these experiments with pure races, we find that the 
jirogeny of the (small) conjugants are not smaller than those of 
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TABLE 31 

Rtbitii'e size of conjuganU and non<onjugants and of their 'progeny for seven genera* 
tionSf in the race k {aurelia) 
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al :i 
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: 1 i 
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1 .“^pt J2 '08: Coaiugants (table 3+, lot 13) ... 

339 

92-156129 .58^0 4tl 



2 12, '08i Non-coujuganta (table 34, lot 13) 

100 

88-168 141) 20 ^0 97 



3 Oct. 21 '061 Generation lf~from conjugants . . 

3; 

132-172 152 (K)=a0 

87 

36 -60 

45 84*0 75 

4 Oct. 21, '06 Generation If from uon-conjuga lit? 

17 

136-156144 94*0 91 

36-52 

44 47*0 71 

5 Oct. 22*25'0& Generation 2f from conjuganti. . , . 

32 

120-164149 50*1 

18 

36 56 

44 00*0 60 

9 Oct. 22, 'OSi Generation 2f from non-conjugants 

31 

120 156138 19*1 

U 

28-52 

38 58*0 70 

7 Oct. 25, '08; Generation 3f from conjugants. . 

27 

108-160130 52*1 

48 

28-52 

39 44 i 1) SO 

8 Oct. 24. '08i GcneratlouSf from non-conjugants 

17 

124-160143 76*1 

.60 

32-48 

41 8KA0 SI 

9 Oct. 25, ’08‘ Generation 4f from conjugants... 

5 

104-144120 00*5 00 

28-40 

39 00* 1 53 

10 Oct. 24, '08| Generation 4f from non-con]ugants: 

27 

116-156133 19*1 

38 

32 56 

1 42 96*0 91 

11 Oct. 2ft>28,: Generation 5f from conjugants . 

32 

inS-156130 25*1 

44 

28 44 

35 38 * 0 52 

12 Oct, 28. *08' Generation Bf tiom conjugants... 

39 

112 1,56131 38*1 

12 

28-48 

,35 49*0 62 

13 Oct. 28, '08L Generation 6f from non-ccnjugants 

10 

12S-I48136 00*1 

32 

32 48 

■ 37 60’* 1 09 

U Oct. 28, '08- Generation 7f from conjugants. .. 

95 

96-15612!) 14*0 

.72 

24 52 

35 75*1) 41 

15 Oct. 28, 'OSi Generation 7f from non-conjugants 

2 

140 00 



; 40 01) 

Ifl Oct. 30, ’08j All existing piogeny of conjugants 
17 Oft. 30, ’08i All exlailng progeny of non-conju- 

2.5 

100-1,52128 16*1 

59 

24-. 52 

36 32*0 96 

gants 

28 

IfU 144 123 71*1 

29 

28 44 

34 14 *0 60 


the (larger) non-conjugants; that in fact the first measurements 
taken after fission show in every case the progeny of the eonju- 
gants to be a little larger; and that the animals of the culture 
as a whole are a little larger after conjugation than before. With 
these should be compared the following results of an experiment 
on a wild culture, in which the conjugants and non-conjugynts 
compared were fundamentally the same. 

b. Comparison of the progeny of conjuganis and no7i-conjuganis 
in a wild adture. On June 20, 1909, a wild culture that appar- 
ently consisted entirely of cavdaium was found to be in conjuga- 
tion. Samples of the conjugants and of the non-conjugants wctc 
measured, with the results given in the first two row.s of table 32. 
At the very beginning of the conjugation, in the early morning, 
a large number of pairs were picked out. Many of these had 
as yet become united only by the anterior parts of the body. 
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cases except two the descendants of the conjugants are the more 
variable. In these two cases (generations 3 and 6) the differ- 
ence between the coefficients of variability for conjugant and non- 
conjugant progeny is small, while in a number of cases the excess 
for the conjugant descendants is very great. The greater varia- 
bility of the descendants of the conjugants is on the whole marked 
and untnistakable. 

I may add that a considerable number of other experiments sim- 
ilar to that summarized in table 32 were carried out for other 
purposes, and in all cases the greater size and greater variability 
of the descendants of th{)se that had conjugated was very notice- 
able, although measurements were not made. 

HLstorical. There has been consideraV^le divergence of state- 
ment regarding the relative sizes of infusoria at different periods 
of the hfe cycle, so that precise measurements were much needed. 
It is of course generally agreed that the conjugating individuals 
are smaller than the av(‘rage, but this is a point somewhat diverse 
from the one we arc now considering. Woodruff (’07) emphasizes 
the fact that there arc in Oxylricha variations in size in different 
periods of the cycle, but does not state at what periods the size 
is large; at what period small. Calkins and Cull (’07, p. 380) 
state pi amply that the smallest forms in the life history are ''char- 
acteristic of the first two generations after separation and before 
tile young individuals have had an opportunity to take food.” 
This is quite in opposition to our measurements and if the im- 
plication is that the supposed small size is due to the fact that 
no food is taken between the time of the separation of the conju- 
gants^and the first two fissions, this also is a mistake; in individ- 
uals of race k food w'as taken within tw'o hours after separation, 
as shown by the ingestion of India ink. (Maupas, (’89, p. 199,) 
notes that the ex-conjugants take food 'some hours’ after separa- 
tion.) Richard Her twig (’89, p. 189) remarked, with his usual 
correctness, though w'ithout giving measurements, that after 
conjugation the animals grow" rapidly, so that they may reach a 
size not otherwise seen. 

The fact that the size is greater immediately after conjugation 
appears opposed to the common experience of students of the life 
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cycle; the remark is often made that the animals are smaller after 
:in epidemic of conjugation has occurred. This, as a matter of 
fact, under the conditions usually prevailing, is true. If we 
measure a sample of a culture just before (or during) conjugation, 
and another sample after, we shall usually fiiul that the sixe has 
decreased. Thus, in a culture of the aurelia race c the mean 
size (of the non-eonjugants) during an epidemic of conjugal ioi\ 
was 158.80 0.88 by 32.78 =*= 0.17 microns. Five days after 

Hie epidemic, the mean size was 120.04 0.87 by 35.44 =*= 0.40. 

But this great decrease in length is due to the cultural comlit ions, 
not to the fact that conjugation has occurred. I have shown in 
a former paper (TO, p. 29) that conjugation commonly occurs 
under conditions in which the animals are decreasing in size; 
conditions of decrease of nutrition, as has often been noted. 
These conditions produce their effect on the size irrespective of the 
occurrence of conjugation. But if the nutritive conditions arc 
kept good, the descendants of the conjugants actually increase 
in size, as compared with the descemlanis of the non-con jugants. 
The only way that we can determine tin* cfYoct of conjugation 
itself on size is of course to compare two sets which differ in no 
other way, save in the fact that one has been allowed to Cf)nj li- 
gate, the other not. In such experiments, as we have •seen, the 
progeny of the conjugants arc, for a time at least, the larger. 

c. Exceptional case. We are now pr(:])ar(‘d to imderstaiul an 
apparent (though not a real) exception to the results set forth. 
We have seen that in the case of a pure race, the large non-(‘onju- 
gants do not give larger progeny than the small conjugants. W'c 
have however previou.sly seen that in mixed cultures sometimes 
one race conjugates while another does not. Numerous ex- 
amples of this are given in my paper of 1910, p. 283. N(jw, if it 
so happens that a small race conjugates, while a large one docs 
not, — then of course we shall find that the progeny of the small 
conjugants are smaller than the progeny of the large non-cc)n ju- 
gants, — contrary to what we find in a pure race. Ihe difference 
is however due, not to the conjugation, but to the difTerence 
in race. This case is realized in certain experiments on the wild 
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culture iV, carried out March 21 to April 6, 1908; these are sum- 
marized in table 33. 

In this case the mean lenfj;th of the conjugating pairs was 139.29. 
A hundred of the largest non-conjugants were selected, all larger 
than any of the conjuganfs; their mean length (from a sample of 
fifty) was 224.16. The remainder of these large non-conjugants 
were allowed to multiply, side by side and under the same condi- 
tions, with an etpial number of the coiijugants, from March 21 
to March 26. On the latter date part of each w^ere killed and 


TABJ.E 33 


Iveiatm- of the ronjuyants and large non-co?ij>igunts, and of their progeny, in 
the mid culture X (lot 4, 1) 
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measured, as shown in the table, while the rest were kept till 
April 6. The progeny of the non-conjugants Avere much larger 
than the progeny of the conjugants — the former averaging 
172 to 198 microns, the latter 137 to 143. It i.s clear that 
there existed in the culture diverse races, and that only certain 
smaller raees were eonjugating. This is confirmed by the fact that 
I actually isolated from this culture a number of lines that w^ere 
permanently diverse. It is finther shown by the fact that when 
conjugation occurred in the progeiiy of the large non-con jygants 
(which happened March *22), t lie pairs were large, averaging 182.33 
microns in length, as opposed to 139.29 for the pairs first taken. 
Thus what we ha\'e really done in this case is to compare large and 
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^mall races; these (as is the rule) retained their relative sizes 
irrespective of conjugation. Where the racial composition of 
(•onjugaiits and non-eonjugants is the same, the progeny of the 
conjugants are the larger, as we have seen. 

d. Summary. We may sumnuirize our results from the e\])er- 
inients with pure races, and that with a wild culture, as follows: 

1. There is no tendency for the jjrogtmy of the (small) <*unju- 
gants to be smaller than the progeny of the (larger) non-i’onjn- 
gants. 

2. On the contrary, in every case the tirst measurements tak(Mi 
after fission show' the progeny of the conjugants to he largc'r than 
the progeny of the non-con jugants. In the w'ild culture of table 

this difference wa.s still very marked in the seven tli gfuiera- 
tion after conjugation; in other cases the two s(‘ts ha<i apparently 
become equalized at this time. 

This greater size of the progeny of conjugants is apiiarently 
due, partly, if n(»t entirely, to the slow'cr fissi<ui after conjugation. 
'rh(‘ conjugants usually do not dividt* for 24 to IS hours afl el- 
se pa rat ion, and in the meantime they grow' rapidly large, as w(‘ 
have before seen (table 19, etc.). ( 'onjugants of /.: were observcMl, 
by the use of India ink, to begin feeding within tw'o hours aftm- 
sej)aration. Meanw'hile, those that have not conjugated are 
dividing regularly, so that th(W have no oj)port unity to beconu’ 
so large as the ex-con jugants. Wiien th(‘ latter diviihy their 
progeny for a number of generations are iherefon- largc-r than Iho 
])rogeny of the nori-conjugants. The slower fission of the (‘X- 
conjugants may continue for a h)ng time, thus giving tlumi an 
opportunity to remain larger for many geiuTations, as in table .12. 

3. There is a characteristic (liffenuice in si / a- b(‘tw(‘en indi- 
viduals at the end of the cycle (before conjugation), and tliosc at 
the beginning of the cycle (after conjugation). 1 he size is soim*- 
w'hat greater at the beginning of the cycl(\ lh(‘ difference, in 
the case of a pure race, is not very great, and is not such as to 
conceal the more marked differences betw'cen rlifferent races; 
the latter persist throughout the cycle. 
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3. Increase in variability as a result of conjugation 

In the wild culture of table 32, the progeny of the conjugants 
are on the whole decidedly more variable than the progeny of 
the non^conjugants. It appears therefore that conjicgation in- 
creases the variability. This result is of extreme importance; 
for this reason I have made an extensive study bf the relations 
involved. This matter is inextricably bound up with the prob- 
lem of the significance of conjugation and its relation to vitality 
and rejuvenation. It appears best therefore not to enter upon 
a detailed account of these things in the present paper, which 
has grown to a considerable length, but to reserve them for a 
separate paper. The (luestions to be answered from our present 
standpoint are: 

a. Is it the rule that conjugation increases variation? Is it 
true both for wild cultures and for conjugation within pure 
races? 

b. In what characteristics is the increased variation shown? 
Docs it appear in other matters besides size? 

e. Are th(‘ variations thus produced heritable? Are there in 
this way new races produced, differing in heritable characters 
from the race or races that entered conjugation? 

Reserving then these important questions for another paper, 
we take u[) hen^ certain other points that are naturally treated 
in the present connection. 

4 . Do pairs of different size give progeny of different size? 

On the answer to this question of course depends the decision 
whether assortati\'e mating has any effect in inheritance; in the 
production or perpetuation of permanent differentiations. The 
question has already been answ'ered in my paper of 1908. It is 
tliere show'n that six juxirs, of different sizes, isolated from Culture 
II, gave six races differing permanently in size — four belonging 
to caudatum, tw'o to aurelia (pp. 494-496). This fact, taken in 
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Connection with the demonstration that larger specimens mate 
with larger, smaller with smaller, shows that assort at ive mating 
has clearly the effect of keeping differentiated races from mixing; 
of perpetuating such racial differences as already exist. When 
a culture containing two species conjugates, the two as a result 
of the assortatiye mating remain quite distinct, as we have be- 
fore seen. When races of diverse size are ])rcsent, these like- 
wise tend to remain distinct in spite of the occurrence of con- 
jugation. 

But what is the result when all of the conjugating individuals 
belong to the same race? Do large ])airs then give large races, 
small pairs small races — so that as a result of conjugation we get 
hereditary diverse strains from a single race? 

The answer to this question turns out to be bound up with the 
general problem as to the physiological effects of conjugation on 
the stock. I therefore reserve its full treatment for a jniptT 
which is to deal with that matter, merely slating here in a sum- 
mary way certain points. 

a. When we select large and small j)airs from a culture of a |)ure 
race (all derived from a single individual), we do not find that as 
a rule the larger pair gives a larger race, the smaller a smaller 
one. Usually the two give a race of the same; size. 

b. Yet hereditary differentiations do arise as a result conju- 
gation within a pure race; certain pairs or individuals give strains 
that differ permanently from the strains produced by otheu's. 
These differences are most noticeable in the matters of gcuieral 
vitality and rate of multiplication, but difference.s in sizes are 
likewise to be observed,— possibly due to the differences in gen- 
eral vigor. The extreme importance of those matters requires 
a full treatment on a paper devoted to the subject, w^h(!re the 
experimental data may be properly set forth, in their relation to 
other phenomena. The indications are that these differential ions 
within a single race are not connected with assortative mating, 
and hefece that the latter has no marked consequences wiien 
occurring within the limits of one race derived from a single 
individual. 
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6. Inheritance from unequal pairs 

The last (iUestion raised in our introductory outline was in 
regard to the rules of inheritance when the two members of a 
pair are of different size. This matter again turns out to be com- 
plicated by its Halation to the problem of the physiological effect 
of conjugation on the stock; furthermore, on some of the most 
important iJoints I have as yet been unable to get experimental 
data. Adecjuate treatment must therefore be deferred; and I 
give luu'e merely categ(n'icaj statements on certain points. 

a. Th(‘ assortutiva? muting of cmuse tends to prevent the mating 
of indi\ idiials differing in size. Yet this does occur at times. 

b. Tht^ only way to get the ruh's of inheritance in a satisfac- 
tory way would be to get matings l)(‘tween individuals belonging 
to two diverse stoeks, the inherited characteristics of each of which 
were known hefortduuul. Such matings between known races 
I have not yet succeeded in getting. This is owing to the fol- 
lowing facts: (1) diverse races usually conjugate under differ- 
ent conditions, so that it is very difficult to induce two such to 
conjugate at the same time. (2) In the rare cases where twm 
races have conjugated in the same culture at the same time, 
they have not inter-erossed, owing to assort ative mating. Hence, 
in spite of much work, I have not been able to determine this 
I>()int. (!I) The progeny of the two members of a pair often differ 
hereditarily, particularly iti vigor and rate of reproduction ; some- 
times also (as a secomlary result?) in size. Such differences in 
vitality liave been previously noted by Calkins (/02, p. 175) and 
by Miss ( 'nil (/()7). Their significance is bound up with the prob- 
lem of the eff(H‘ts of conjugation on the stock; they will therefore 
be tak(‘n up in a later paper on that matter. 


SUMMARY 

1 . Th(‘ members of conjugating pairs are, as Pearl had set forth, 
smaller and less variable than the non-conjugants of the same 
culture. This is> true in cultures consisting entirely of the pro- 
geny of a single individual. It is likewise true, as a rule, in cul- 
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tiiifS consisting of a mixture of races. Jiut exceptions may occur 
in the latter case, owing to the fact that only one of the races 
present may conjugate. If this hapjKms to be a larg(‘ rac(\ the 
conjugants may be larger in size than tlie non-conjugants. 

2. The small conjugants increase in size after conjugation, un- 
til they are as large as the large non-con jngants of the same race. 
Also, the large non-conjugants later divide and themselves con- 
jugate. Hence there is no permanent or fundamental distinction 
hetsveen the two sets, but only a tem]>orarv ]>hysiological diihT- 
eatiation, which is of no consequence in the later history of the 
-lock. 

3. The lessened variability of the conjugants is diH‘ (in tho case 
<}{ a single race) to the facts that : (1) they inchah' no young in- 
dividuals; (2) they do not grow so large as the non-conjugants. 
The latter, including young (and therefore small) individuals as 
well as large ones, together with all intermediate stages, must 
^how more variation than the conjugants. Jhit this greater vari- 
ation is due to temporary physiological difT(a‘cntiati()ns, (d no 
consequence in the later history. The }>rogeny of the (‘on jngants 
are fully as variable as the progcaiy of tin* noii-conjugants (see 
paragraph 7). 

In cultures containing several races, llu' conjugation is ofttai 
limited to but one of these. The loss variability of the c()niiigants 
is then due chiefly to this fact. The progeny oi the conjugants 
iall belonging to a single race) will naturally then be less varialih* 
than the progeny of the non-conjugants (belonging to several 
races). In this case therefore the less variability of the conju- 
gants .shows its effect in the later history, 

4. As Pearl sets forth, larger individuals are usually found to 
he mated with larger, smaller individuals with smaller, so that 
there is a considerable degree of correfetit)n in size hetwiam the 
members of pairs. This correlation is greatest iti cultures con- 
taining pairs belonging to the two species, caudatum and aurclia; 
^•onsiderably less in cultures consisting of many races of a given 
specievS; still less in cultures consisting of a single race, though 
even here the conflation is considerable. 
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An exhaustive analysis of the various factors which might pro- 
duce such correlation (the details of which are given in the text) 
show^s that it is due to real assortative mating (as Pearl main- 
tained) ; larger individuals mate with larger, smaller with smaller. 
There is a certain amount of equalization occurring during the 
process of conjugation, but this is not sufficient to account for 
the correlation; the latter persists after the equalizing process 
has ceased to be effective; and correlation is shown in certain 
dimensions that wT)uld not be affected by the equalization. 

Th(' assortative mating showvs itself in the three followin^^ 
effects : 

a. Wlien the tw'O species caudatum and aurelia are present in 
a conjugating culture, caudatum conjugates only with caudatum, 
aurelia only with aurelia. Hence crossing is prevented. 

b. When races of different size are present (as is usually the 
case in ‘wild’ cultures), the members of large races tend to con- 
jugate together, on the one hand; of the smaller races on the 
other. Thus the assortative mating tends to prevent the admix- 
ture of races and their reduction to a single type. 

c. Even wiiere members of but a single race are present, larger 
individuals tend to mate with larger, smaller with smaller. It 
is not cl(‘ar that this has any consequences for the later history, 
though this is not yet disproved. 

5. Isolation from a wild culture of large pairs gives large races ; 
of small pairs, small races. Thus it is clear that assortative mat- 
ing has most important consequences in the later history of the 
organisms, tending to preserve the existing differentiations oi 
species, races, etc. 

6. Conjugation results i n certain slight but characteristic changes • 
in size. For a few generations after conjugation the progeny of 
the conjugants are a littl^ larger than the progeny of those of the 
same race that have not conjugated. This is apparently due to 
the slower fission of the progeny of the conjugants. This dif- 
ference in size is much less than the difference in size between 
diverse races, and 'after a few generations the progeny of con- 
jugants and non-conjugants as a rule show no characteristic 
differences in this respect. 



CONJUGATION IN PARAMECIUM 


109 


7, The progeny of conjugants are more variable, in size and 
III «‘(*rtain other respects, than the progeny of the equivalent iion- 
{•unjugants. Thus conjugation increases variation (a matti*r to 
Ik- dealt with in full in another paper). 

S. Hereditary differentiations arise as a result of conjugation 
within members of the same race (all derived from the fissions of 
a single individual) (to be dealt ^Yith in full later). 

9 The progeny of the two members of a pair sometimes show 
hereditary differences (to be dealt with in full later). 
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APPENDIX 

T.XULKS OF .MI'LVStqiFMKNT.S 

111 the following table, s the ine.-isurements are given, except in certain cases 
specifically merit ione<l, in units of 4 microns each, so that to get the mcasurenienta 
in microns or thousandths of a millimeter the measures given are to be multiplied 
by 4. Tlius, in table 34, lot 1, the first individual is 33 unit.s or 132 microns (0,132 
mtn.) liing. Jlut in certain niea.surenieiits of breadth (tables 57 and 65), and in 
lot 2 of tables 34 and 36 the unit of measurerneiit is 2 rnii;runs; this is specified in 
the proper places. 

In the table.s of Correlation for the pairs, the larger individual is entered always 
in the vertical columns, the smaller in the horizontal rows, each pair being entered 
but once. This is done in aciairdauce with my note of showing that double 
or symmetrical tables are unru'ce.ssary for such eases. 

On some of the lots a number of ilifTerent me.asnremeiits were taken, and these 
were divided up and clasuficii yuriously, so that a large number of the ordinary 
eorndation lable.s wouhl be requireil for bringing out the diverse relations devel- 
oped. In such e.a.ses I have given, in order to .save space, a classification of the 
original mea.su rtuneiits, from which correlation tabU^ can readily be formed for 
all the dimonsion.s ilealt with. Such is the case in tabli's 36, 40, 40, oO, 51, 55 and 
56. 

The two iiuiividiial.s of a pair are denominated .1 and In cases where one 
of the pair project .s anteriorly in front of the other, this projecting individual i« 
called .4, the other B. 

Tables 1 to 33 are found in the text. 
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TABl-K 34 

C,j>rfHirative measurements of conjugunts tiud uon-eofijugouts from trihi oultuns 
■ lots 1-7) and from a miiture of two species {lot 31). (',conjugtiKts; .V. nou-i-oitju- 
gunts. i’nit of measurement 4 except in hi 3, where it is 3 tnicrov.s 
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5 

42 


4 


5 

20 

2il 

31 

14 


7 

64 

15 

29 

4 

13 

S2 

11 

7 

43 


12 



32 

21 

20 

in 


4 

55 

15 

25 

fi 

i4 

s:i 

22 

5 

44 


2 


1 

27 

26 

22 

II 


1 

56 

5 

23 

3 

12 

S4 

IS 

.3 

45 


.5 


2 

30 

IS 

.5 

s 


2 

57 

4 

Ih 

2 

13 

s,5 

12 

3 

46 


6 



25 

8 

to 

11 


2 

5S 

4 

20 


11 

SO 

21 

6 

47 


.3 


3 

.31 

21 

3 

8 



59 

J 

16 

1 

9 

87 

\\ 

6 

48 


2 



31 

25 

6 

12 



W) 

1 

18 


6 

8s 

15 

4 

49 





17 

27 

1 

8 


3 

61 


16 


9 

89 

7 

4 

50 


3 


1 

15 

2.5 


.5 


I 

62 

2 

16 


6 

90 

7 

2 

51 





8 

17 

1 

4 



63 


6 


2 

91 

3 

1 

52 


1 



4 

16 


4 


1 

64 


10 


4 

92 

7 


53 


2 




12 


2 


J 

65 

1 

8 


7 

93 

4 


54 





2 

7 


6 


3 

66 


4 


7 

94 

4 

4 

55 


1 




5 


2 


5 

67 


3 


4 

, 9.5 

3 

1 

.56 






2 


1 


8 

68 


1 


4 

96 

4 


.57 






5 




3 

69 


3 


4 

97 
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,58 






1 




3 

72 




2 

93 

2 

1 

59 


2 




1 




4 

73 


1 



99 

1 

1 

60 






2 





77 
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' lOfl 

1 


61 


1 




' 1 


! 


! 
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62 






1 


1 


4 

7* 


1 
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1 


63 










2 

80 
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61 










4 









65 










1 
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r'ltal number 

360 360 

164 

176 


284 

87 


84 

1,52 

16 

HiO 

272 

318 

1.58 
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OR 
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TABI^E 3fl 

Me inurements (tn units of two microns) of the pairs of lot B (wild culture), classic 

tud according to the distance that A projects in front of H. The first column gives 
(I classification of the various lengths of the projecting individual A; the other col- 
umns give the lengths of their mates B for each pair, under Ike diffcrenlanterior pro- 
jections of A. Thus, there are eight pairs wnih A 76 units long; their mates B 
measure respectively 75, 75, 74, 76 , 76, 7g, 74 , 74 units; in the first four the anterior 
tips of A and B are even; in the others A projects in front of B B, 4 and 7 units, 
respectively 

LENUTB OF MATES, B, WHEK THE DISTANCE A PKOJECTS DKYOND It, IS 



0 

1 

2 

3 

4 

5 ; 6 7^8 

9 

73 



7(1 





74 

72,73 






76 

(2)73. 74. {2)76 


72 


74 

74 


78 

(2)68, 72, (2)74, (3}7fl 


73, 74. 78 

78 

72 

: 72 

: 

7<i 

78. 79 





64 





(2)76 


72 

66 

i 

8l 

78, (2170, SO 


78. 79 

SO 


77 



78. SI 



78 

74 


i 

« 

78. 79. 81 

79 

SO 

75, 78. 

78 78,81 

81 

82 

84 

U, 78. 78. 79 

77,83 


77 

69, 74, 84 



85 

75. 85 

81 

79. 81 


79 



86 

75, 79, (2)83 , 84, 85. (3)88 

77 

85 

76. 83 

85 

, 


87 

77.88 

83 


79 


76 66 


S8 

78, (2)83, (2)84 

88 

82 

87 

83 

82 78 . 


80 

85, 86 




88 

86 1 73 


90 

87.88 


80,88 

79 




01 

84 


:79 

82 




92 

84. 00 ! 


’ 78, 87, 92 





93 

85 ' 

82 • 






94 

82. (2)03 1 







95 

92 ! 





77. 84 i 


06 


90 

78 


70 

i 78 ■ 


97 


i 

83 

79 




98 


i 


88 


89 


99 

78 

i 

: 





100 



83 
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1 



t i 
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84 . 1 ' 
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■Ai 

Lot S {wild culture). Length of A hy length of B 


43 44 \r, 47 IH 4!) oO 51 52 53 54 55 56 57 58 59 


41 

42 1 

43 1 

44 

45 

46 

47 
•18 

49 

50 

51 

52 


I I 
1 

1 1 

12 1 I 

II 2 1 

1 3 2 3 2 

14 3 1 

12 111 
2 3 2 2 

5 4 
2 2 
2 


I 

1 

I 1 
1 

1 1 

1 2 1 
1 1 


1 


2 

2 

3 

5 

5 
12 
10 

8 

10 

11 

1 6 

6 
2 

1 


2 2 2 5 H 5 11 11 12 12 4 


3 2 1 82 


TAiU.K :is 

Lot 3 {n-ild i uUm-i'] . Ltttqihul A lig(riiglil 
(if B ' ‘ 


31 32 33 34 35 36 37 38 39 40 


29 

30 

31 

32 

33 

34 

35 

36 

37 
3S 


1 

1 

2 

1 1 
1 


1 

1 * 2 

3 

3 5 

3 2 17 

2 1 5 

2 3 3 1 9 

12 2 5 

11114 
I 1 
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rvMLK 

Lot 0 (wild culture). Length .1 by length oj li 
30 37 3S 31) 40 41 42 13 44 45 40 17 4S 1!) 50 51 52 53 51 


32 1 

33 

34 

35 
30 
37 
3S 
31) 

40 

41 

42 

43 
41 
45 
40 
47 
4S 
40 

50 

51 



1 


1 


2 13 12 14 10 10 20 13 13 0 4 


2 130 
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TAHLK 40 

Lot 7 {wild culture). Measurements, length fro7n anterior end to mouth, and total 
length; classified mlh relation to the distance that A projects in front of B. (The 
lengths *‘To mouth** are not repeated when successive pairs are the same in ihu 
respect.) (1 unit - 4- microns) 


(VNTKMIOK KN£J» EVKN AXTEHIOK KNt>« EVKN HHOJECTIOM 1 PBOJECTIOJ! 1 


To Mdiitli 

ToUl 

To Motilh 

TotaJ 

I'o Month 

Total 

To Mouth 

Tout] 

A 

14 

A 

H 

A 


A 

B 

A ! 

B 

A 

B 

A 

I) 

A 

B 

2r> 

25 

37 

36 



46 

42 

25 ! 

24 

39 

37 



51 

45 



40 

37 

28 

28 

41 

41 

! 


41 

38 


PROJECriOK 2 




42 

40 ’ 



42 

40 



42 

30 




26 

i 39 

38 



|42 

41 

26 I 

25 

40 

39 

25 

23 

38 

36 



i 40 

39 , 



i 43 

40 



40 , 

41 

27 

25 

39 i 

36 



: 41 , 

40 



^ 43 

42 

27 

26 

38 i 

39 



41 i 

41 



42 

41 



' 43 

42 



40 

38 

28 

26 

44 

38 



42 

42 



: 43 

42 



43 

37 



44 

38 



42 

42 



! 43 

42 



44 

41 

29 

27 

42 ■ 

43 



. 43 

39 



43 

43 



44 

42 



44 

40 



43 

41 



44 

42 ; 



44 

42 



48 

44 



44 

37 



48 

44 

28 1 

27 

41 

39 



48 ^ 

45 



45 1 

42 

29 ' 

29 

: 43 

42 



’ 41 

42 


PROJECTION 4 




46 

41 



46 

42 



: 42 

41 





46 

41 



46 

43 



42 

43 


; 22 

44 

32 

27 

27 

41 

11 



46 

44 



44 

41 







42 

41 



47 

42 



44 

42 







42 

41 

30 . 

30 

46 

45 



44 

42 







43 

40 



47 

42 



44 

42 







43 

41 



48 

45 



48 

40 


i 





44 

41 



49 

46 

2<) ' 

28 

43 

39 







44 

43 

31 

31 

j 47 

44 


1 

46 

44 







44 

43 





31 

■ 30 

48 

44 
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TABLE 41 

Lot 7 {icild culture), \on~conjugants; length before 
mouth with length behind mouth 

Length before mouth 
24 25 26 27 28 29 30 ^31 32 33 34 35 


12 



1 


1 




2 

13 

1 

1 

3 


1 


1 


7 

14 

i 2 

1 


1 




. 1 

4 

15 

1 3 

2 

1 

1 


1 

1 


9 

16 

li 1 

2 

3 

5 

1 

2 

3 

1 

19 

17 

1 3 


1 
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4 

2 

4 

1 ■ 

17 

18 

! 1 

2 

1 

1 

1 

3 

j 2 

2 

13 

19 




2 

1 

1 

; 1 

1 

6 

20 





1 


2 

3 ^ 

C 

21 

1 



1 



i 1 

2 1 1 1 

1 6 

22 

i 







3 

3 

23 



1 





1 

2 


2 10 

8 

11 

12 

10 

9 

15 

14 1 : 1 

1 94 


table 42 

Lot 5, Length of .1 by length of li 


31 32 33 34 -35 3G 37 38 


30 

2 




2 

31 

3 




3 

32 



1 


1 

33 1 

1 2 

1 2 

2 : 

1 

9 

34 


1 1 

1 

2 

5 

35 



2 

2 1 

5 

36 


1 



|1 2 
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TAHLK 43 

Lot 9 [race c). Length of A by length of B 
33 34 35 30 37 38 '39 40 41 42 43 44 ^45 


30 

31 

32 

33 
31 
35 
30 

37 

38 

39 

40 
a 

42 


1 

1 1 

2 12 3 

12 111 

2 3:4 5 3 

2 7 3 5 6 
3 7 4 3 
2 2 5 
1 2 
1 


1 2 

2 i ^ 4 

1 1 

10 

2 ‘ 1 9 

17 

23 

3 20 

501 1 22 

2 2 7 

2 2 12 8 

1 ] 

1 I 


2 3 0 7 IS 18 12 23 13 10 3 3 1 125 


TAHI.K 44 

Lot 10 [rare k). Length of A by 
length of li 


30 31 

32 33 34 

35 36 


28 

1 


1 

29 

12 1 

1 

5 

30 1 2 

2 


5 

31 

5 ! 

1 1 

7 

32 

2 M 1 

1 

5 

33 

: 2 ■ 


2 

34 


1 

1 

1 2 

11 5 1 

3 2 

26 
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TAHLi: Ah 

Lot 11 [race k). Length of A by 
length of B 

28 29 30 31 32 33 31 


24 1 1 

25 1 1 

26 1 1 

27 11 2 

28 1 1 1 1 1 5 

20 ' 1 1 
30 I 12 


2 2 2 1 3 1 14 


TAUI.K if, 

Lot IS (race k\. Length of A by 
length of B 



28 

29 

30 

31 

32 

33 

34 35 


26 

1 




1 



2 

27 

2 


1 

1 

1 



5 

28 


2 

3 

3 

2 



10 

29 


1 

1 

4 

2 


1 

9 

30 



3 

3 

r> 



12 

31 




3 

7 

9 

5 

24 

32 





3 

3 

2 

8 

33 






4 

2 2 

8 


3 3 8 14 22 IG 10 2 7S 
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TABLE 47 


Lot 1$ (race k). Length of A by length of B 


26 

i 

|27 28 29 30 31 

32 33 34 35 36 37 38 39 

‘ : 


23 ! 

^ ^ 1 ^ 







1 

24 1 









26 j 1 








1 

26 1 

2 

1 

1 


1 



5 

27 ; 

■ 1 ■ 



1 

2 

1 


5 

28 : 

12 



1 

3 

3 

1 

11 

29 t 

1 2 

1 

1 

6 

7 

1 


19 

30 : 

1 

12 

6 

3 

6 


1 ; I 

30 

31 


3 

4 

5 

4 

1 

5h ; 1 

24 

32 i 



5 

5 

4 

3 

5 3 2 

27 

33 ! 




4 

4 

6 

^ 2 i 2 ^ 2 ■ 1 

1 20 

34 





5 

3 

^ 4 ' 2 -1 

15 

35 






1 

111 i 

4 

36 







2 ' 3 ! 

5 

37 1 







' ; : 1 : 

1 

1 

1 

^ 15 5 

17 

17 

25 36 

19 

20 14 : 6 2 
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TABLE 4S 


Lot 18 {race C*). Length of A by length of B 


1 

26 I27 28 U 30 31 32 33 

i ^ . 1 : 1 

34 

35 36 37 

i 

38 39 40 1 


25 

iM ' M : M 




1 

26 

M ^ ^ I i 

1 



1 

27 

‘ i : 1 3 ; 1 : 1 1 ! 




1 7 

28 ' 

: 5 4 2 1 1 

2 



15 

29 

' . ■6:715^2^3! 

3 

I’l l 

1 1 

28 

30 

' : ^3^5:4:4| 

2 


i 

^ IS 

3! 

,24:4! 

2 

5 

2 r 1 ' 

21 

32 

; 8 ' 3 ! 

1 1 

2 4 1 

: 1 ; ^ 

: 20 

33 

, ; , 'll 

! 1 

3 

1 1 ; ' 

6 

34 


5 

3 2 1 


11 

35 

: ; ; 1 ! 


3 3 2 

2 ' 1 

10 

36 



15 

2 j 

8 

37 

1 ; i ; ! , ' 


; 3 

1 ; j 

4 


1 i 1 1 :13 16 14 19 17 

t . i : . ■ 


12 16 13 

7 3 U 

i 
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TABLE 49 

.\U<uureme>Uii of length for the 69 pairs of lot 17 {race Ct),class{Jit4 according to (he 
distance that A projects in front of B. Unit, 4 microns. {Compare the explanation 
of table S6) 



LBNOTH or 

yATES, B, WHEN THE DISTANCE A PROJECTS BEYOND B IS 


A 

0 

1 

2 

3 


26 


24 

22 



27 


27, 28 




28 

28 

27 

25 



29 

29 

24, 25, 28, 29, 

27 





30 




30 

26, 28, 30, 32 

28 

25, 27, 28 



31 

26, 30 

(2)31 

27, 28 



32 

(2)31, 30 

(3)29, 20, 31 



31 

33 

24, 30.31,(2)32 30. 31, (2)32 

27, (2')28, 30 

27, (3)28,30 



33 

• 




34 

(2)32,34 

33 




35 

(2)33, 35 

33, 34 

29 


20 

36 





34 

37 



28 



Total nuiB' 






ber 

23 

24 

14 

5 
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, 1 -AMIJ;. J)ti 

of length f„r the Hi pnir« of lot IS Ijace. g), dasnfieii according to the 
didancr Itml .1 projects in Jrotd oj H. Unit of measurement i microns. ICom- 
parr thf rxplanatiuh uj table Sfi) 


rlU.S fil-- M.VTKH, H, WHKN TIIK UtSPAM K ,1 PilOJKrTS UKTO.VU li 1« 


29 

27 

(2j2H, 2!l 

27, 2S 


30 

3! 

2S, (4)29, {4)30 
(2j29, (0)30,^3)31 

27. 2S, 29, (2)30, 32 
2S, 29, (2)30, 31 

27 

3'J 

(2)31, 32 

27, 28,(5)29,(3)30,31, 

32 27, 28, 29, 30 

33 

34 

30. (2)31, (2)32 
(2)33, (2)34 

26, 29,31, (3), 32 

30, (2)31, 33 

30 

35 

30 

37 

33 

32. 33 

31 

33 

(2)30 


Potjil iinni- 
IttT :iS 


37 


1 



TAULE 51 


• M 9 (race g). Measurements oj conjxiganis in length from anterior end to moulA, 
an<i totai, classified according to the distance that A projects in front of B. {The 
Ucigths “/o mouth'’ arc not repeated when successive pairs are the same in Mu r<- 
(jr , Unit of measurement, 4 . microns, [Thus, in the first pair, the distance 
from anterior end to mouth is 64 microns in both individuals, the total length of A 
u too microns, that of B, 96 microns] 


AVTKHH>» 

ENpa 

EVEN 


PROJECTION 1 

1 


HROJECTI 

o.N 2 


lo 

Mouth 

ToiJil 

To Mouth 

Tot:il 

To 

Mouth 

Toul 

A 

11 

A 


A 

11 

A 

11 

A 

It 

\ 

it 

|(i 

If) 

25 

21 

17 

10 

27 

2() 

17 

15 

29 

20 



28 

26 



27 

26 

18 

16 

29 

27 

17 

17 

27 

27 



27 

26 

19 

17 

2S 

26 



28 

27 



27 

27 



29 

25 



28 

27 



28 

30 



29 

28 



28 

28 

18 

17 

27 

26 



34 

29 

18 

18 

27 

27 



28 

27 



34 

30 



27 

27 



28 

27 

20 

18 

32 

27 



28 

26 



29 

28 



34 

29 



28 

27 



29 

28 

21 

19 

36 

29 



28 

30 



30 

30 







29 

28 



31 

29 


I'UOJEi'T)' 

ON 3 




29 

30 

19 

18 

28 

27 







29 

30 



29 

25 

17 

14 

29 

24 



30 

27 



29 

27 

19 

16 

31 

28 



30 

28 



30 

28 

20 

17 

32 

28 

19 

19 

29 

29 



31 

27 

21 

18 

33 

28 



29 

29 



31 

29 



35 

2:1 



29 

30 



32 

28 

23 

20 

38 

31 



30 

29 



32 

2S 







30 

30 



32 

29 


I'MOJECT 1' 

• ►.V ^ 




31 

^ 29 



32 

30 







31 

29 

20 

19 

29 

28 

22 

17 

35 

26 



31 

30 



29 

29 







31 

30 



32 

28 







31 

31 



32 

31 





20 

20 

31 

33 



33 

28 







32 

29 



33 

31 







32 

30 



34 

29 







32 

30 



35 

29 







32 

32 

21 

20 

33 

32 







33 

30 











33 

30 











33 

33 











34 

32 









21 

21 

33 

30 











35 

30 











35 

35 









22 

22 

35 

31 










m 
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TABLE 52 


Lol 19 {race g), X on-cvnjugants ; length behind 
mouth with length before mouth 
Length behind mouth 




9 

10 1 

^ t 

U 

12 13 14 

15 

IG 

17 

18 19 20 



13 . 

1 

i 

: 1 1 







2 

s 

14 : 


j 








o 

S! 

ir> 


j 






j 



16 

1 

1 1 







2 


17 


i 1 

3 

3 1 




. 

8 


18 


: 2 

3 

2 11 


1 



10 

-cr 

19 


1 


11 3 3 





18 

c 

20 



4 

2 6 i 3 





15 

<1 

21 i 


1 

1 

4 1 6 5 

1 

1 





22 



1 

, 2 ! 1 : 6 

2 

2 


1 1 

: 15 


23 ; 


1 


1 : 3 

4 

2 


1 

! 12 


24 




2 1 

5 


2 

■ 1 i 

11 


25 


1 

1 

i 

1 : 

2 



: ' 1 

4 


26 



i 

I ' 


1 



2 



2 

. 1 

8 jl2 

24 23 22 

14 

7 

2 

2 11 

118 



CONJUGATION IN PARAMECIUM 


TABLE 5? 

Lot BO; conjugants jrom mixture of racts (\ 
and i. Length of A iri'M length of H 



29 

30 

31 

32 

33 

34 

35 

36 

37 

38 30 


25 


1 









1 

26 




1 







U 

27 

1 




1 


1 




3 

28 






1 

1 

1 



3 

20 


1 

2 

1 

1 

1 



1 


7 

30 


2 

1 

3 

2 

4 





12 

31 




1 

2 

2 





5 

32 




3 

2 

3 


2 

1 

1 

12 

33 





1 

5 

2 

1 


1 

10 

34 






1 

2 

2 



5 

35 








1 

1 


<1 

36 












37 









1 


1 


1 

4 

3 

9 

9 

17 

6 

7 

4 

1 1 

i 62 


I'ablE 54 

Lot 21; conjugardB /row mixture 
of races Li [caudalum) and k 
(aurelia). Length of A w^th 
length of B 



28 

29 

30 

31 

32 

33 34 


27 

5 


1 




fi 

28 

1 

3 

1 


2 


7 

29 


3 

2 

4 

1 

2 1 

13 

30 



5 

5 

3 

1 

14 

31 




2 

2 

1 

5 

32 





: 1 

1 

2 

33 






2 

2 


6 

6 

9 

11 

9 

7 1 

49 
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TABLE 65 

iM 22; 102 'pairs of unseparated conjuyants; measurements of length to mouthy 
total length, and breadth, for A and li of each pair. {In some of the pairs 
only the total length 7vas measured, as the table shows . ) Unit, 4 microns 
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TAHl.K ^0 

U't 22 ; tSS pax rsof conj ugants about 12 ho u rs after aepa ration. Mens u re men of u t, li 
H vj €ach.^aiT, for length to moulh, total length, and breadth. Unit, 4 mirrone 
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TAni.IC 5S 



Ult tS {iinld culture), Correhilion jh 

of .1 with li 

in pairs 

about IS houTif after separation, ^^u’ inilividuah kiUtd in 

separate 

drops. 

Unit, 2 microns 
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Lot 2 4 {race k). I'nsejiarntrd pairs, Irriyth 



of A by length of H. Unit, 3 microns 
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table 60 

fjOtS4 (racek). Separated conjugants, both members of 
a pair killed in the same drop of fluid. Length of A 
by length of S 
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TAHI.i: til 

Lot {race k). Separalfd pairs, 
the two members of each pair 
killed in separate drops. Letujth 
of .4 by length of H 
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TABLE tl2 

Lot {race k). Unseparaied 
pairs; length to mouth in A by 
same in li 
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TAHLK 6.1 

Lot 24 [rncek). Conjugants about 12 
hours after separation; length before 
mouth in A by same in B 
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Lot 24 {race k). Unscparatcd conju- 
ganls; length behind mouth by length 
in front of mouth, in the same in- 
dividual 
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S 9 

10 

11 

12 

13 

14 

15 

16 



15 


1 


3 

1 

1 



6 


16 

1 

3 

10 

9 

1 




24 


17 

1 

3 

14 

25 

U 

2 



56 

W 

IS 

0 

12 

25 

40 

16 

4 



101 


19 


4 

6 

15 

8 

4 

1 


38 

< 

20 

1 


1 

3 

7 


2 

1 

15 


21 





1 

1 

1 


3 


22 






1 



1 



1 4 

23 

56 

95 

45 

13 

0 

1 

244 


1 



TABLE « 


Lot £4 {race k). MjCoujuganis abinit }2 futurs after 
separation; len^h behind nianih ndlh length before 
mouth in the satnc indiridual 

Length Behind Month 
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Lot 24 {rnerk), Cunjugants ohunt liho'irH 
after se parntion ; hreodth of .1 Ijg hri toilh 

of B. Unit, 2 mieron^ 
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TABLE 57^ 

Lot 25 {race k; aurelia). Correlation table for lengths of 
conjugants about 12 houm after separation, Ike two mem- 
bers of any pair killed together, in the satne drop 
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TABU': &S 

Lot B5 {race k; aitniia). Correlation tabic for lengths of con- 
jxyants about 12 hours after separation, Ihe iu'O members of 
any pair killed in se par ate drops 
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THE REPRODUCTION OF PARAIMAECHIM M’RIHAA 
IN A ‘CONSTANT’ CULTURE AIEDIUM OF 
BEEF EXTRACT 


LORAN'DE loss woodruff and OIaOUOK AIjFHKD HAITSKM. 

ShcJIleld Siologicol 1 u/u VuivcTiiiijf 

TWO FIOl'llES 

Previous \York^ with pedigree cultures of Paniumeciuiu aurelia 
and Paramaecium caudatiini lias appareatly shown that, the life 
liistory of these forms, when bred eontinuoiisly on infusions of 
hay made up exactly the same from day to day, tends to run in 
a cycle which ternrinates with the death of the culture. Iha^xiou.s 
work has also shown that Paramaecium jiundia- may 1 h‘ hri'd 
indefinitely on a culture medium which is fnaiucntly varied. 

In view of these results the following (piestion suggi'sts itself: 
Is the longevity of Paramaecium on a ‘varicMl cnvirojumuiP 
dependent upon intrinsic stimuli from the frcfiucnt changes of 
the medium, or is a ^constant' medium of hay infusion unfavor- 
able because it lacks some ehunents which an* ('ssi-ntial for the 
continued existence of this protozodn? 

To test this point it is necessary to find, if ])ossil)l(-, a suitalile 
‘constant^ culture medium which contains all tlu* ehanen Is which 
the organism demands, and to determine its elhal on tin* vitality 
of Paramaecium when subieeted to it for a considi'ralile length 
of time. If such a suitable medium is secured on wliicli para- 
maecia will Uve indefinitely, it is apparent that th(‘ possible con- 
tinual daily stimulation afforded by S*arie(P culture media is 

‘Calidns; Jour. Exp. Zool., vol. 1, no. 3, VMH. WoodrufT: Biol. Bull,, voi 
to no. 4, 1909. 

*L L. Woodruff: Two thousand gcnerutioius of Puramacpiurn. Arrhiv fur 
Protistenkuiide, Bd. 21, 3, 1911. 



136 LOKAN'DK LOSS WOODItUFF AND GEORGE ALFRED BAITSELL 


not the crucial factor in the determination of the longevity of 
paramaccia cultunis. Further, and aside from this interesting 
theoretical consideration, such a favorable ‘constant’ culture 
medium would h(‘ valuai)le for breeding pararnaecia in various 
lines of exfKirimental work, since it is clear from qjany investi- 
gations that the j-(\actir)ris of pararnaecia to various reagents, etc., 
are greatly modified b^^ tlu'ir past and present environment.^ 

In the [) resent pafrer are briefly outlined the results which ha\'e 
been secured, thus far, in an effort to answer the question .sug- 
gested I above', and to proviele a suitable culture mediunr which 
invcstigate)rs can employ in l)reeding cultures of this organisjii, 

^riie* animals useal in this study were from the pedigree culture 
of J\irania(K'ium aurelia whic'li one of iis^ has had under daily 
observation for more than four years, and which has attained, 
up to the ])r('sent time' (May 1, 11)11), 2370 generations under 
the' eonditions of a ‘varied (environment,’ without conjugation 
e>r artilicial stimulation. 

The favorable re'sults secured first by ('alkins'* with strong solu- 
tions of beef extract as a t('mporary stimulant hu’ his degenerating 
cultures of ]^arama(‘eiijm caudatiim in infusions of hay, and later 
by Woodruff''' with Oxytricha fall ax under similar conditions, 
sugg(\stt'(l the use of a weak extrjict of beef as a “constant’ cul- 
ture nudliuin. iMirther, Ixd'f ('xtract .‘Should afford all the element.^ 
r('(jui?’i'd for (he c(jt)tinu('d life of ]U’otopIasm. Tlie results of 
chemical aiialys( s hav(' sliown tliat hiobig’s extract of beef is 

* For rx;iin[)l(’, ( Irt'i'lc'v ^Mioi. Hut!., \'oI. (1. llXU, p. 1), in :i s:tudy uf the ctTect 

of v;irioii.> on lli(> prof()f>l;i.<iiM>f Pnranint'cinni, w rote: “Maximal dilu- 

tions ran only he approxiniaie. as the action of ldet\t ical .solui ions is not tlie same 
on par;uuri(a'i:L from ililTcnml cull tiros. Inn'ansi' no two art' exactly alike in r<vsp(;ct 
to clu'inical coinpoMlion and osmotic p;essui“(';" and Mis.s "I’owle in a similar study 
(AnuT. ,l(uir. i*liysiol., \til, 11, no. 'J. IMU, p, saitl; “d'he first stop toward 
a cloarin>^ of the hazt' tliat cnvclo|is the .^uhjo.'t will bo found, I believe, when an 
elTort is iiiado to unify the comlition.s umler whioli dilL'icnt investigators arc 
working." 

'* W'oodrutT: ]a>c, cit. 

‘('alkins: (Arcliiv fiir Kntwick.-Mocban., Ud. lo, 1, 1!X)2). “The lean beef was 
boiled in tap-water for iifto.’ii minutes and allowed to .stand until oool. The clear 
fluid wa.s then u.sed without dilution." 

* VWxtilrulT: .lour, K.vp, /ihH., vad. 2, no. -4. 19()o. 
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rriiiiirkably constant in coiuposititni. ami this standard 

jin'paratioin which is available for all ima^sli^atnrs, was vised 
as the basis of oiir {‘iiltiin* nuHlivnn. 

Having decided on Idebig’s extract of hvv{, it was maa^ssary 
make a^scries of exiieriimaits tt> detvMniim^ tlu* strt'ngth of 
s<ihition which was most tavorablc for Paraniaccium, The 
volutions were made by weighing out om' gram of the extract 
ami diluting this with varying amounts <»f distilled watiM’. The 
(lifl’erent concentrations of bt'ef extract showtal that a solution 
of aj>]>roximatelyl).l)‘jr)p(‘rcmit ga^■(‘ the b(’st n‘sults. Accordingly 
a (piantity of this solution was made u]) which was siilh(‘ienl tt) 
provide culture medium for tlu' tuganisms for a pvu’iod of s(‘ven 
months. This length of tinu‘ was deeidtai upon bn- this work 
as the final results of ('alkins' extKU'iments hal him to concliuh^ 
that the cycle of Paramava-iuiii caudatum, in a constant (‘iiviron- 
ment of hay infusion, was not of nion^ than six months duration.^ 
The medium wlum mavle was pul into o\er oik* hundred tv^st 
tulx's, and tlu^se were ]i]ugge(l with (-otton and slerilize<l. The 
solution in the various lubes remained until it was usval, 

and the inoculation of the imaliuiu with bact('ria which were 
transferrevl with the paramava-ia affonhal an am])le supply of 
foovl for the animals. 

The regular experiment was begun <>11 October 1, IPIO, by the 
isolation of a spcciimm from (aich of the four lines of tlu^ f)(aligr (“0 
culture t of raramaecium aureliji at the 201 2(h gcruTation. 
I'lach of the organisms was placed on a <l(*pn'ssion slitle in li\'e 
drops of the beef extract solution, and in this manner was started 
a culture desigiiaterl Paramac'ciuni 11b This fiillurv' was c<in- 
tinued by isolating an organism every day from (‘ach of tlu^ ftiur 
lin(‘s of the culture, and placing it in fresh culture nualium on a 
sterile depression slide. The number of diA'isions during tlie 
previous twenty-four hours was recorchal at the time of isolation. 
Prom this record the average daily rate of (livisir)n of the four lines 

' It may be noted that aiiiin!i),'; fnmi tliis varno f'nlture of P, aurelia 

\V('re bre<l on a yamstant’ niedinni of hay infusion from I cljnmry to Jiimi, ItKJO, 
and died out after U)7 (iay.s ^ubjoetion to this nondition. f< ‘f. Biol. IJuI!., vol. 
17. no, 4, im fig. 4;. 
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0(t Noi. Dec. Jii ret. Her Ipr. 


1 (iniph showing the rate of division of Piirainaeciuni aurelia, Culture I 
and Culture IL5, from October 1, 1010, through April 20, 1911. The ordinates 
represent the average daily rate of division of tlio four lines of the respective 
cultures, again averaged for ten day periods. Culture I ; Culture Ib 


of the culture, again averaged for five- and ten-day periods, was 
computed, and the result is graphically shown in figs. 1 and 2. 

The original pedigree culture on a varied environment w^as, of 
course, continued, and served as a control for the culture on beef 
extract, since the method of carrying on the two cultures was 
identicad, except that the medium used was not the same in each 
case. The original pedigree culture was bred on infusions of 
grass, hay, pond weeds, etc., made up with water from various 
sources. The infusions were boiled before being used to prevent 
the introduction of Svild’ paramaecia into the pure lines.® 

Th(' various preparations were kept in moist chambers to 
prevent evaporation, and the temperature of the air in these 
chambers was recorded by a maximum and minimum registering 
thermometer. Obviously this method of recording the tempera- 
ture gives only the extremes to which the cultures were subjected, 


• For further of ^Iie method employed, cf., WoodrufT, loe. cit. 
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;itid does not take into account ti)e UMig:th of time during which 
;aiy particular temperature was maintained. Hnwev(‘r, tiie 
method is sufficiently exact for the problem at hand. St\idies 
,.n the relation of temperature to the ‘rhythms' in the rate of 
reproduction of paramaecia are now in progress. During tlu* 
tirst three months of the work, culture I {‘varied' culture medium) 
and culture IB (beef) were kejit in dilTerent rooms, and tlnu’t'hnv 
during this time the cultures were subjected t(^ diiVerent temper- 
atures, From January I to the present time, both cultures w(‘re 
kept in the same place and cnn.^ecjuently each was subj(M*ted to 
tiic same temperature. 

There were, then, two j)edigree cultun's of Varamae(dum, each 
rt)mprising four lines, being conducted simultam'oiisly. One 
of tliese had been bred on a 'varied’ culture medium for forty- 
one months, and was continued under tlie sam(‘ eonditions dur- 
ijig the following seven months, be., to the pn“S(‘iit time, Tin* 
otlier culture, isolated line by liiu* from tlu' tirst ('ulton^, was i-ar- 
ried on for seven months (to date) on a T'onstant (Mivironmeiit’ 
of beef extract. The chemical comjxisition of this im^dium was 
identical from day to day as it was all mad(‘ ip) and stcnali/a'd 
at the same time. Tlie only variation, th('refon‘, in tin* medium 
used for these organisms on beef (‘xtract was the fluctuations in 
the liacterial flora due to infections from the air, and slight vari- 
ations in the multi])lication of. the l)act(‘ria due to teinjxaature 
changes. This, however, was so small that it is lu^gligible from 
the standpoint of these experiments. 

A study of figs, 1 and 2 giv'cs a clear idea of tlie coinjjarat've 
rate of division of the two cultures, and shows that, at the end of 
the seven months work, the rate of division, and then^fon^ |)resum- 
ahly the vitality, of the two series t)f animals is practi(*al]y the 
same. Neither of the cultures shows any indications of Moss of 
vigor, and the rate of division of each at the eml of thecx])cri- 
nient is practically the same as at the beginning such fluctua- 
tions as have occurred being merely ' rhythms’. 

During the first throe months of the work, the rate of division 
of the beef .series was considerably lower than that of tin* other 
series, but this is obviously explained by the consideraltly higher 
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trniperature to which the latter was subjected during tlds period 
<f. temperature curves in 2). During this j^eriod of three 
iiiuiiths, culture I advanced from the 2012th to the 21SSth gen- 
eration. (jr 170 -generations, whereas (‘ulture IB advanced fmm 
the 2012th to the 2120th gei\eration, or I OS generations. A 
rorn])arison of the rate of <livision from January 1 to April 20, 
P.Ul, when both cultures were subj('cted to iihmtical tempca-alurc 
londitioiis, shows that eulture I advaneed fnun the 2lSSth to ihe 
Jotioth g(‘neratioip or 177 generations, while eulturt‘ IB advanced 
from the 2120th to the 22S7th g(ai(M’ation, or 107 gim<*rations. 
't'lierefore the net variation in the nuinlx'r of gtan'ratioiis atiaimal 
liy lh(‘ two eiiltui’es rluring tin* last four months, wlwm under tin* 
snne c<niditi()ns of temperature, was only t<Mi. lAirlh(a\ the .ap- 
p('araiice and b(‘havior of the ])arania(M‘ia in (la^ two (ailtnn's 
were identical. 

It is evident, tluai, that tlie ‘constant’ medium of l)eef i^tratO 
einploy(‘d has j)roved (during the sevtm months of this e\p('ri- 
jiKuit) to be practically as favoralde a iiu'diiini for the rt'jiroduc- 
t ion of this ])edigre(‘ culture of l^iramaecium aiirelia as the ‘ vari('d 
environment' medium/ ami therefon', the (“onclusion s(M'ms jus- 
tified that this culture of lAiramaecium can, in all ])robai»ilily, 
he continued iiuiehnitely oii this ‘constant’ nualiuin. It there- 
fore appears fair to conclmle that it is th(‘ ‘e<)m])osi(ioir of tli(‘ 
medium rather than the Changes' in the ine<liuin which is eoii- 
<lucive to the unlimited develoj)iu(‘iit of tliis culture without con- 
jugation or artificial stimulation. 

It is not suggested that every eultiin' of Paramaecium would 
have tln^ potential to attain more than two thousand thre(‘ hun- 
dred generations under ihe conditions of a ‘varied ('iivironmenl, ’ 
imr is it suggested that every culture of Paramaeciiim would 
thrive for over seven months on a ‘constant' environment of beef 
e.xtract. “For undoubtedly there are strong and w(‘ak strains 

* Kxperiments are now in progress to tlotormine if this culture of Purajiuiecium 
''ill develop indefinitely on infusions of hny which arc not tnado U|) the same from 
day to day, i.e., if hay infusion, in which there is a slight daily variation, may 
not be .substituted for the decidedly varied culture merliuin Inch has been used 
during the past four years. 
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among Infusoria as among other classes of animals, 4gain, it 
is possible that the different races of paramaecia which Jennings 
has been able to isolate may have a physiological as well as a 
morphological basis of distinction."^® But it is believed that these 
experiments clearly show that beef extract (in the concentration 
used) is a suitable environment for the continued reproduction 
of this pedigree culture of Paramaecium, and that beef extract, 
in this or closely similar solutions, will prove to be a favorable 
medium for use in many investigations on the physiology of 
Paramaecium. “ 


^“Woodruff: Riol. Bull., vol. 17, no. 4, September, 1909, p. 303. 

‘‘After the completion of the seven months experiment (April 29, 1911), a new 
lot of the heof extract medium was made up exactly the same as before and the 
culture has been continued on this without noticeable change in its reprodurtion to 
date of correcting proof, June 20, 1911. 
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migration of retinal pigment in the eyes 
or BRANCHirUS GELIDUS 

RUTH B. HOWLAND 

FOUR FIGl'RKS 

INTRODUC^TION 

The general subject of pigment migration lias recanveil much 
attention during recent years. While it is not the purpose of 
tliis paper to deal with the movements of melanophore pigments, 
we can not disregard the effect which the study of tliis problem 
has had upon the study df the migration of retinal pigment. 
There can be no doubt that an intimate relation exists between 
the movements of the two forms of pigment, as there is no doubt 
concerning the morphological similarity existing betwe(Mi pigment 
spots and the eye spots of many of the lower animals. 

The striking changes in coloration exliihited in cliamelcons 
early led to investigations as to the physical factors involved. 
Conclusive evidence showed that the movements of melano- 
phore pigment was brought about largely by variations in light 
intensity and temperature. The work of ('arlton (’0^1), Parker 
and Staratt (’04), and Parker (’00) is siithciently well known to 
need only brief mention. Carlton found, in tlie case of Anolis, 
the outward migration of pigment in the pigment spots to be' 
directly dependent on the action of the sympathetic nervous 
system, and the inward migration simply a return to the resting 
state. 

In chameleons the migration was found to be under the control 
of the spinal nerves. 

As these observations have been made only upon the marine 
Crustacea, it was suggested to me by Professor C. W. Hargitt 
that a series of comparative studies upon a fresh water crustacean 
ought be of some value. The occurrence of the Phyllopod, 
Branchipus, in a pond near Syracuse, and its especially promi- 
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nent eyes made it a very favorable object for the investigation. 
In the spring of 1908 these Crustacea could not be found at Syra- 
cuse, but material for experiments was obtained from Jordan, 
a Small town seventeen miles west, and this supply was supple- 
mented by material from Potsdam and the West, and fresh specie 
mens from Syracuse in the spring of 1909. Experiments were 
made and subsequent study conducted with a view to determining 
the effect of varied heat and light on the migration of retinal 
pigment in these eyes. 

HISTOLOGICAL METHODS 

The methods of preparation which gave the best results are, 
in brief, as follows: 

1. For killing and fixing, hot picro-acetic acid was used. The 
animals were dipped in and held for a few seconds, then trans- 
ferred to 80 per cent alcohol. Formalin proved unsatisfactory 
for fixation, and also rendered the material hard to stain in sqme 
cases. Corrosive sublimate fixation was also inferior to picro- 
acetic. 

2. a. Ehrlich's haematoxylin in toto or section gave the best 
results of any of the stains tried. If used for staining in toto, a 
a period of at least sixteen hours was necessary. When the sec- 
tions were stained upon the slide, a minimum staining of ten 
minutes was allowed. The one stain was sufficient to show all 
features clearly, but eosin was occasionally used as a counter 
stain. 

b. Iron-haematoxylin w'ith counter stain of Bordeaux red also 
gave satisfactory results. The slides were treated as follows: left 
in iron-haematoxylin, a nunimum of fifteen minutes; plunged 
into a Fe 2 Cl 6 solution until sufficiently differentiated; washed in 
water; stained in aqueous solution of Bordeaux red for three min- 
utes ; dehydrated ; cleared and mounted. 

c. Borax carmine failed to give the desired differentiation. 

d. Haidenhain's triple stain was temporarily satisfactory, but 
was not permanent. 

3. Xylol proved to be the best clearing agent. Cedar oil 
was not so good. Material in toto required an hour at the mini- 
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mum for clearing. Infiltration of at least one and one-half 
hours was necessary. Paraffin melting at 62® C. permitted sec- 
tioning at from 3 to 5 microns. 

4, To see clearly the nuclei of the retinular cells which in the 
normal eye are obscured by large masses of pigment, the follow- 
ing method of depigmentation was used: 

Two or three drops of hydrochloric acid were poured over a few 
crystals of potassium chlorate. When the green color of the 
evolving chlorine appeared, a few cubic centimeters of 70 per 
cent alcohol were added. The eyes were allowed to stand in this 
bleaching fiuid over night and subsequent staining revealed the 
retinular nuclei clearly. 

NORMAL STRUCTURE OF THE EYE 

Before entering upon a discussion of the experimental work, 
a brief description of the normal eye is essential. 

The eye of this form is one of the simplest of compound crus- 
tacean eyes. It is stalked, and of such large size as to be a very 
prominent feature. The structural elements are fundamentally 
the same as those of other crustacean eyes, the unit being the 
ommatidium. 

The histology of the eye of Branchipus vernalis is described 
in brief by Parker (’91) and others, and a more detailed account 
of the eye of Branchipus stagnalis is given by Nowikofi (’05). 

The outer surface of the eye is covered with a structureless 
cuticula, presumably a secretion of the underlying hypodermal 
cells. In Branchipus vernalis it is obviously facetted, having 
the form of concavo-convex elevations. 

According to Patten, the hypodermal cells in B. grubei are 
of indefinite arrangement, but Claus and Nowikoff find in B. 
stagnaUs a regular arrangement which the latter shows diagrara- 
matically in the following way: the hypodermis covers the distal 
end of each ommatidium as a cuticulaY cap made up of six equal 
cells extending radially from the center to the circumference of 
the circle. The nuclei are oblate, and lie upon one side. The 
intervening space is filled by two cells with round nuclei. These 
nuclei are extremely large and extend at an acute angle into that 



146 


RUTH B. HOWLAND 


p^-rt of the cell lying between the cone cells. This arrangement 
as well as the facetted condition of the cuticula (both disputed 
points) have been observed in my preparations of the species 
found here. 

The cone cells are four in number, of equal size and regular 
form. The crystalline cones are ellipsoidal and their mass in 
comparison with that of the cone cells is large. The nuclei of 
the cone cells were not found by Claus in the adult, and only 
indistinctly seen in the larvae. Nowikoff, however, states that 
they are well defined in his preparations, lie close under the crys- 
talline cones at the promixal ends and are sphere shaped, while 
Patten finds these nuclei lying over the distal end of the cells 
like a cap. 

In regard to the exact location of these nuclei, it seems to me 
that there has been a great deal of confusion arising from incom- 
plete knowledge of the histology of the hypodermal cells. Patten, 
as I have previously stated, regarded the hypodermis as consist- 
ing of a ^iayer of indefinitely arranged cells” and the four cone 
cell nuclei as forming a cap over the crystalline cones. These 
nuclei, described as forming a cap over the crystalline cones, 
might be those of the hypodermal cells in their characteristic 
radial arrangement as shown by Nowikoff. If this were the case, 
Patten’s description would agree with B. stagnalis as to the loca- 
tion, but not as to the number of the hypodermal nuclei. Now- 
ikoff, however, goes a step further in identifying the cone cell 
nuclei. 

I regret to have to say that in my own preparations I have been 
unable to confirm Nowikoff ’s or Patten’s statement as to the 
location of these nuclei, though I have directed special attention 
to this point. It is a most peculiar circumstance that cells of 
this size, and importance should fail to show clearly a definite 
nuclear stnicture. 

A peculiar condition in one series may be worth considering 
in connection with this point. This series, cut at fi'noicrons, 
shows, under the one-sixth inch objective, structures which even 
upon critical examination appear as nuclei of the cone cells- at 
the level of the distal ends of the retinular cells. A slight enlarge- 
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ment of the rhabdom at this place furthers the impression that 
we are lookiiig at nuclear structures. Similar structures, though 
less evident, can be seen scattered elsewhere at various levels. 
They are of comparatively large size and appear round and very 
similar to the nuclei pictured by Nowikoff in B. stagnalis. Nu- 
clear structures, if present in this level, would easily escape even 
carefiil observation; for unless the section be extraordinarily 
thin and exactly in the plane parallel to the rhabdom, the ends of 
the pigmented retinular cells would obscure them. 

However, a closer study under a one-twelfth inch oil immersion 
lens shows these structures rather as reticulated fibrils of the 
cytoplasm of the cone cells with scattered pigment granules 
forming pseudo-nucleoli. Had these structures been constant 
in all of my slides, I would have been assured of the fact that they 
were nuclei, but their scarcity, the reticulated structure of the 
cytoplasm of these cells, and their appearance under the oil im- 
mersion lens forces the conclusion that they are artifacts. 

The rhabdom is slender and in continuation with the cone cells 
(Nowikoff) ; it extends approximately three-fourths of the entire 
length of the ommatidium terminated proximally by the base- 
ment membrane, and is surrounded its entire length by the five 
retinular cells. The retinular cells contain a large quantity of 
pigment granules. Their cytoplasm is fibrillar, extending below 
the basement membrane as fibrils. The nuclei are oval and lie 
in the larger distal ends of the cells. 

The nucleated basement membrane separates the retinal and 
nerve-fiber regions. It is perforated where the retinal cells pene- 
trate it (Nowikoff, ’05).' 

Blood corpuscles are found in varying numbers between the 
ommatidia, and especially upon the ventral side of the eyes. 
This was particularly noticeable in a large number of pi^epara- 
tions, and is doubtless due to the close proximity of a large ventral 
sinus. 

A comparison of sections of the eyes of B. vernalis and B. 
gelidus with the plates and descriptions of B. stagiialis given by 
Nowikoff show no differences of structure. The nuclei of the 
cone cells I was, of course, unable to compare. 
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An article by Dietrich (’09) came to my notice after the com- 
pletion of the above discussion. It comprises an extensive 
description of the facetted eyes of diptera, and contains points of 
general interest in their bearing upon the problem under dis- 
cussion. Mention is made of the fact that deep-sea Crustacea 
have a greater number of elements in each ommatidium — pos- 
sessing as a rule seven — than do the Crustacea of a more pelagic 
habit, whose ommatidial elements have been reduced to five. 
An explanation of this is offered by the fact that the difference 
in intensity of light which these two extremes receive has possibly 
led to the reduction as an adaptive feature. 

Another feature which calls forth comparison with the structure 
of the phyllopod eye is the location of the nuclei of the cone cells. 
In some species of diptera, these are found directly beneath the 
pseudocones, while in others they lie further proximally. Their 
appearance in the latter case closely resembles the structures in 
my preparations already described, which closer study revealed 
as artifacts. 

EXPERIMENTS 

An account of the experiments tried may perhaps best be 
given in tabulated form: 


SPKnES ^ JlOW KILLED 

B. gelidus Corrosive sublimate 

JU gelidus Corrosive sublimate 

B. gelidus 3ot picro-acetic 

B. gelidus Corrosive sublimate 

B. gelidus Corrosive sublimate 

B. gelidus Hot picro-acetic 

B. gelidus.- Hot picro-acetic 

B. gelidus Hot picro-acetic 

B. vernalis Hot formalin 

B, vernalis Picro-acetic 

B, gelidus Hot picro-acetic 

B. gelidus Hot picro-acetic 

B. gelidus Hot ipcro-acetic 

B. gelidus Hot picro-acetic 


LIGHT on DARK 

TIME 

TEMP, 

Dark 

9hrs. 

C. 

5.5 

Dark 

8hrs. 

20.0 

Dark 

4§ bra. 

24.0 

Diffuse light 

8hrs. 

17.0 

Diffuse light 

9 hrs. 

'55.0 

Sunlight 

Killed at 

19.0 

Sunlight 

six o’clock 
i If hrs. 

21.0 

Dark 

; 16 hrs. , 

21.0 

Dark 

6 hrs. 

i ? 

Dark 

■ 5 hfs. 

? 

Dark 

30 min. 

19.0 

Dark j 

15-20 min. 

19.0 

i Dark 

■ 2 hrs. 

5.0 

Dark | 

2 hrs. 

21.0 
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The animals were taken from the pond and experiments made 
upon th^m without delay, for the character of all reactions was 
noticeably modified by keeping them for twenty-four hours in 
an aquarium. A loss of vitaUty, fading out of color, etc., became^ 
evident within a day unless the aquarium was kept at very low’ 
temperature, with a supply of soft mud in the bottom. 

In all the experiments, the largest, most active specimens of 
both sexes were chosen. The experiments in light and dark were 
conducted as follows: 

a. A few animals were placed in the direct sunlight, after allow- 
ing them to stand in a warm room until the water had been grad- 
ually raised to room temperature. In the early part of the- 
season this method was found to be impossible. The maximum 
temperature at which they will live changes with the advancing 
season, and while early in the season the room temperature of 
21° C. will kill them almost immediately, later the maximum is 
raised to from 26° C. to 29° C. The range of temperature be- 
tween the optimum and the maximum for these animals, liowever, 
does not seem to vary. With a higher optimum, a higher maxi- 
mum temperature ensues, but the range between these two ap- 
pears to have a certain constancy of 5-8° C. 

b. On a cloudy day, an aquarium^ with a few specimens was set 
out of doors and allowed to stand for nine hours. The average 
temperature for that time was 5.5° C, and the few degrees of 
variation above or below were not considered of sufficient value 
to appreciably modify the result. The same experiment was 
twice repeated with aquaria upon a table in the center of the room, 
out of the direct rays of the sun, at temperatures of 17° C. and 
20° C. for periods of eight hours. 

c. In conducting the experiments in the dark, the greatest care 
was taken to exclude every means of access of light rays. The 
animals were placed in a tall glass dish, which was wrapped in 
hght-proof paper. This was then either placed in a tin box and 
covered tightly, or left in the photographic dark room for the 
required length of time. The paper was then removed, and a 
flash of light thrown into the jar to assure the fact that all were 
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alive. The water was at once drained off and the specimra 
thrown into the killing fluid, heated to 60° C. 

In preparing the eyes for sectioninfe it was found that the lii^ 
bility to injury from handling was greatly reduced by dehydratr 
ing and clearing the entire animal before separating the eyes from 
the body. After infiltration was complete, the eyes were removed 
from the body and imbedded with special attention as to orienta- 
tion for transverse or longitudinal sections as desired. 

CONDITIONS FOUND 

' A discussion of the conditions found in the material sectioned 
falls naturally under three heads; first, the effect of light; second, 
the effect of heat variation; and third, the relation of pigment 
migration to phototropism. 

1. In these examinations care was taken to compare those 
sections cut at equal thickness, and to select those parts of the 
sections (long) where the plane of cutting was parallel to the long 
axis of the rhabdom. 

a. In eyes which have been killed after exposure to the sun for 
a period of one and three-fourths hours the pigment is in the fol- 
lowing condition: In the distal parts of the retinular cells the 
granules are accumulated in great quantities, so that it is impos- 
sible to distinguish the nuclei of these cells, which are located here. 
The entire length of the , rhabdom is closely protected with a 
heavy layer of pigment, and here the lateral portions 6f the cells 
are much clearer as compared with the distal part. In the prox- 
imal third of the cells there are proportionately smaller quanti- 
ties. Pigment is also heavily deposited below the basement 
membrane, and for a short distance along the nerve fibers. In 
eves exposed to sun for longer periods, the conditions are identical. 
(Figs. 1 and 3.) 

b. In diffuse light for eight hours, the pigment granules are 
still heavily deposited in the distal ends of the cells, and along 
the rhabdom. The lateral portions of the retinular cells, as in 
the case of sunlight, are much clearer than the densely pigmented 
region close to the rhabdom. The direct sunlight thus seems to 
produce no appreciably greater response of pigment than the 
diffuse light of a partly cloudy day. 
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Fig. 1 Pigment conditions after exposure to sun until 6 p.m. on a sunny day, 
Rhabdoms covered with pigment. 

Fig. 2 Pigment conditions after remaining in dark four and one-half hours. 
Readjustment of pigment through a lateral migration leaves rhabdoms exposed. 

Fig. 3 Transverse section of ornmatidia after exposure to sun for five hours. 
Conditions as in fig. 1. (Oil immersion, camera lucida.) 

Fig. 4 Transverse section of ornmatidia after remaining in dark four and one- 
half hours. Conditions as in fig. 2. (One-twelfth oil immersion, camera lucida.) 
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c. Eyes sectioned after remaining in the dark fifteen minutes, ’ 
twenty minutes, and a half hour, show no appreciable movement 
or migration of pigment granules. The conditions do not vary 
from those in diffuse light to any appreciable degree. Pigment 
is heavily deposited for a short distance down the nerve fibers 
below the basement membrane. 

d. In the eyes which have been in the dark for two hours, the 
pigment has begun its lateral migration and forms an intermediate 
stage between the two extremes a and e. 

e. The eyes which have been in the dark four and a half hours, 
show the pigment closely packed in the distal ends. Th^ granules 
arc not packed close to the rhabdom as in sun and diffuse light, 
but are scattered laterally in the cytoplasm by a lateral migration 
or a readjustment. The outline of the rhabdoms is thus not so 
clearly defined by a heavy boundary of pigment granules, but 
their surfaces are more exposed. The entrance of light rays would 
result in a more intense stimulus than under the previously 
described conditions. A dense accumulation ‘of pigment occurs 
below the basement membrane and proximally down the nerve 
fibers (fig. 2 and fig. 4). 

/. In eyes left in the dark from eight to sixteen hours, these 
variations in pigment location become less and less evident, and 
in general the eye assumes the appearance of those killed in direct 
sunlight. The distal pigment is closely packed around the rhab- 
dom and the retinular nuclei, the pigment in the protimal part 
lying close to the rhabdom. Eyes which have been in the dark 
for eight hours or more were thus not considered in drawing con- 
clusions as to the effect of light and dark. 

The adaptive movement of pigment granules in these eyes would 
thus appear rather as a rearrangement or readjustment of the 
pigment granules in the retinular cells than as a pronounced 
migration proximally in the dark, and distally in the light, A 
proximal migration in the dark would result necessarily in an 
accumulation of pigment below the basement membrane, which 
would increase gradually from the light conditions to the com- 
pletion of the migration. The pigment masses beneath the 
membrane would thus vary in a graded series, a condition which 
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does not occur in my preparations. The pigment deposited be- 
neath the membrafle is quite as dense in sunlight as in dark. 
The distal pigment in all my preparations is densely packed around 
the rhabdom and the retinular nuclei, and shows no sign of move- 
ment due to light or temperature changes. 

The protective function of the pigment is accomplished in a 
different way. A lateral movement of the granules exposes the 
rhabdom in the dark, while an opposite movement in the light 
brings them close against the rhabdom. Since tliese eyes have 
no accessory pigment cells, which in other crustacean eyes serve 
as a reflecting apparatus in the dark, the cytoplasm of the retin- 
ular cells must perform this function. 

So, unlike the eyes of Cambarus and Gammarus, the proximal 
and distal migrations of pigment granules, are not found in B. 
gelidus, but are replaced by a lateral migration, outward in the 
dark, centrally toward the rhabdom in the light, while the pro- 
tective function of the pigment remains the same. 

2. The temperature changes, so far as I have been able to note, 
produced no appreciable effect on the migration of the pigment. 
High temperatures were of course impracticable in experimental 
work, causing almost immediate death. In eyes exposed to dif- 
fuse light at 5.5° C, and 17° C. no difference could be noted in the 
distribution of the pigment. 

3. Experiments were made with a view to determine the de- 
gree of phototactic response, and also its possible bearing on the 
movement of the pigment. 

a. A dozen animals, which had just been brought in from the 
pond, were put into an aquarium in a large amount of pond water 
at 21° C. Of this number, five were young specimens, the others 
adults. Light from a 16-candle power lamp was thrown into the 
aquarium from above with the following results: 

11 were strongly positive. 1 female was indifferent. 

The two youngest specimens made frantic efforts to approach 
nearer the light beating their heads against the sides of the aqua- 
rium, The hght was then placed below the jar. Nine responded 
at once by following the light. One male, one female, and one 
young specimen were indifferent for a period of three minutes, 
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waen tney too went to the bottom. If the light were held below 
the jar, the tendency to orient themselves with their long axes 
perpendicular to the source of light was stronger than the habit 
of swimming with the appendages upward, and they stood upon 
their heads making futile efforts to reach the light, 

b. A larger number of animals was then put into the jar and 
the same experiments repeated. The younger ones showed a 
much quicker and more positive response than the adults. The 
depth of the water effected no change in the character of the re- 
sponse. Special attention was given to the occurrence of 'the 
animals in their natural habitat, to determine whether the re- 
sponses given in the laboratory were merely artificial or whether, 
even in the natural environment, the direction of the light rays 
had a noticeable effect on the location of these Crustacea. On a 
bright, sunny afternoon, when the water was IP C. a much 
larger number of specimens was found swimming on the west 
side of the pond than on the east side. They were not, however, 
very active, on account of the low temperature, but for the most 
part were swimming slowly along the bottom about an inch above 
the mud. For some time, the direction of the wind was thought 
to have a marked influence on the distribution in the pond, but 
the wind on this day was blowing from the northwest, and the 
animals must have gone almost directly against the wind in order 
to appear in such large numbers on the western side of the pond. 

c. The temperature of the water in one jar was gradually raised 
by the addition of small amounts of hot water. Pond water 
was heated for this purpose to guard against the additioQ of any 
chemical which might influence the response. When the water 
reached 24.9° C. to 25.5° C., the light was placed above the jar. 
The animals responded positively as in b. They became very 
active, and the branchipeds greatly increased their rate of motion. 
As the temperature reached 27° C., convulsive jerkings became 
frequent, jerking the animals almost out of the water when they 
came to the top in response to light. Between 27° C. and 29° 
C. they became less and less active and sank to the bottom of 
the jar. At 31° C. they were all dead. The increase in temper- 
ature does not, therefore, cause a negative response, but merely 
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a greater activity which finally leads to spasmodic muscular con- 
traction and death. 

Numerous reports of photomechanical changes in retinal pig- 
ment have appeared referring to amphibia, cephalopoda, and 
arthropoda. Exner (’91) and Parker (’97 and ’99) record the 
effect of changes in light intensity on retinal pigment in Palaemon 
and Gammarus. 

These reports have led without exception to the conclusion 
that the same laws of migration which hold true in the case of 
metanophore pigment apply as well to the migration of retiiial 
pigment under various degrees of illumination. The uniformity 
of the effect of heat, however, has only recently been acknowl- 
edged. Ktihne (79) observed that the retinal pigment in frogs’ 
eyes in darkness was withdrawn further proximally in a high than 
in a low temperature. Herzog (’05) confirmed and amplified these 
results, and further stated that while increased heat produced a 
proximal migration, decreased temperature a distal migration 
between 0° and 18° C., above this temperature exactly the reverse 
took place. The question of temperature influence was resumed 
several years later by Congdoii (’07) in the case of Arthropod 
eyes. Experiments on Palaemonetes and C'ambarus confirmed 
the previously published results of Kiihne and Herzog. Response 
to raised or lowered temperature in these crustacea is much weaker 
than photomechanical response, and probably of no functional 
importance, as the migration due to temperature change occurred 
much above normal conditions. 

As to the physiological importance of retinal migrations due 
to varied light conditions, there is no doubt that the distribution 
of the pigment along the sensitive parts of the eye protects it 
from too intense illumination by the absorption of light rays; 
while, on the other hand, the withdrawal of pigment from them 
gives easy access to the non-injurious rays of diffuse light. In 
eyes which possess, in addition to the dark pigment cells, whitish 
accessory pigment cells (Palaemon, according to Congdon, 07) 
these cells serve to reflect light rays into the rhabdom on with- 
drawal of the pigment in diminished light. 
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In addition to this protective result the migration of retinal 
pigment has a bearing upon the phototropic response of animals 
in which this occurs. Gammarus annulatus shows (Smith, '05) 
pronounced migration of pigment, and accompan 3 dng this a 
marked change in behavior toward the light stimuli. The close 
correlation of these two facts in matter of time, points towards 
the fact that the change from negative phototropism to a marked 
positive response is due to the exposure or protection of the rhab- 
dom by movement of the pigment. 

d. The effect of a moving light was then tried. A light was 
held above the jar until the usual response was given, and the 
number of negative or indifferent specimens counted. Then it 
was moved slowly around the jar. In every case the positive 
response was greater, and more definite with the moving than with 
the stationary light. 

e. A larger number of animals was placed in an aquarium and 
allowed to stand in the dark for an hour at room temperature. 
They were then exposed to light. They remained indifferent for 
a short period before any definite response was noted, but then 
gave a positive response. 

Another aquarium was tightly wrapped in black paper and 
made thoroughly light-proof. This was placed out of doors 
(about 19° C. and allowed to remain for five hours. It was then 
taken to a photographic dark room and opened under a light of 
16-candle power intensity. The majority of the specimens were 
negative for a period of from two to three minutes, but after 
remaining in the light, gradually became positive as under the 
usual conditions. 

The same specimens were at once placed in the dark and left 
for two hours longer. When exposed to the light, the negative 
reaction was even more definite than before.' 

^In a recent paper on photofcropie responses of Branchipus (McGinnis, 11) 
the statement is made that Branchipus is never negative to light, even after ex- 
posure to darkness, but no record is made of the time necessary to bring about 
the normal response after this exposure. The peculiar '‘reversal of geotropic 
response"' recorded in the same paper (p. 237) may have been influenced by nega- 
tive response to light, the other positive responses to gravity being, as suggested, 
simply the natural falling of bodies. 
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The reversal of the response in my experiments is obviously 
related to the movement of the pigment in the eyes. As the 
previous r^ults have shown the condition of the eye at the end 
of five hours to be one in which the sensitive rods are exposed to 
the fullest extent, the sudden entrance of a strong light would 
naturally cause a negative reaction. The fact that in the first 
experiment an exposure to 16-candle power light did not cause 
this negative response is doubtless due to the incomplete migra- 
tion of the pigment in the shorter period of time. 

SUMMARY OF RESULTS 

1. The effect of light and dark on the movement of pigment 
granules in the eye of Branchipus gelidus is in the nature of a 
readjustment rather than a proximal and distal migration. 

2. The distal pigment is not influenced by variation in light 
intensity. 

3. In light, the pigment granules collect closely around the rhab- 
doms, protecting then! from too intense stimulation. 

4. In the dark, the granules move laterally and are readjusted so 
that they become more evenly distributed through the cytoplasm 
of the retinular cells. 

5. The time occupied in complete readjustment is between four 
and one-half and five hours. 

6. The cytoplasm of the retinular cells serves as a reflecting 
apparatus in a weak light in the absence of accessory cells. 

7. Changing temperatures have no appreciable effect uppn pig- 
ment migrations, higher temperatures causing almost instant 
death. 

8. Branchipus gelidus is positively phototropic. Animals ex- 
posed to light after remaining in the dark five hours were nega- 
tively phototropic. 



158 


UUTH B. HOWLAND 


BIBLIOGRArHY 

Carlton, F. C. 1903 The color changes in the skin of the so-called Florida 
chameleon, Anolis Carolincnsis Cuv. Proc, Amw. Acad. Arts andSci., 

. yol.39, no. 10,pp.237 270, Ipl. 

Dahlgrbx and Kecneii 1908 Principles of animal histology. 

Dietrich, Wilhelm 1909 Die Facettenaugeii der Dipteren. Zeit. fiir wise. 
Zfxjl., Bd. 92, Heft 3. 

Hay, 0. P. a.vu W. P, 18S9 A contribution to the knowledge of the genus Bran- 
ch ipus. Am. Nat. February, vol. 23, no. 206, pp. 91-95. 

Herzog, H. 1905 Experimentelle untersuchungen zur Physiologic der Bewegung- 
vorgango in dcr Netzhaut. Arch. f. Anat. u. Physiol., Physiol, Abt, 
Jalirg. Heft 5-0, pp. 413^64, Tef. 5. (Original not available.) 

KttiiNE, W. 1879 Chemis 'he Vorgange in der Netzhaut. M. L, Hermann, 
Handbuch dcr Physiol,, Bd. 3, Theil 7, pp. 235-342. (Original not 
available.) 

McOinnls, Maky O. 1911 Reactions of Branehipus aerratus to light, heat and 
gravity. Jour. Exper. Zool., vol. 10, no. 2, pp. 227-239. 

Nowikoff, M. H)05 Tiber die Augen und die Frontalorgane der Branchiopoden. 
Zeit, fiir wiss. Zool., Bd, 79, Heft. 3, pp. 432-404, Taf. 2. 

’ Packard, A . 8. 1878 A monograph of the phyllopod Crustacea of North America, 
with remarks on the order phynocarida. U. S-. Geol. and Geog. Survey 
of the territories of Wyoming and Idaho, 1879, pp. 295-514.* Part 1, 
39 pi. 

Parker, G. H. 1891 Compound eyes in Crustacea. Bull. Mus. Comp. Zo6l., 
Harvard Coll., vol. 21, no. 2, pp. 45-140, 10 pi. 

1897 Photomechanical changes in the retinal pigment cells of Palae- 
monetes, and their relation to the central nervous system. Bull. 
Mug. Comp. Zool., Harvard Coil., vol. 30, no. 6, pp. 273-300, 1 pi. ^ 
1899 The Photomechanical changes in the retinal pigment of Gam- 
manis. Bull. Mus. Comp. Zool., Harvard Coll., vol. 35, no. 6, pp. 1^- 
148, 1 pi. 

1906 The infiut^ce of light and heat on the movement of the melano- 
phore pigment, especially in lizards. Jour. Exper. Zool. Vol. 3, no. 
3, pp. 401 414. 

Parker, G. H. and Stakatt, S. A. 1904 The effect of heat on the color changes 
in the skin of Anolis Carolinensis Cuv. Proc. Amer. Acad. Arts and 
Sci., vol. 40, no. 10, pp. 455-466, 

Rogers, C. G. 1906 A chameleon -like change in Diemyctylus. Biol. Bull., 
vol. 10, no. 4, March. 

Smith, Grant 1905 Effects of pigment migrations on phototropiam of Gam- 
marus annulatus. Am. Jour. Physiol,, vol. 13. 



THE DEVELOPMENT AND FUNCTION OF 
VOLUNTARY AND CARDIAC MUSCIJ5 IN 
EMBRYOS WITHOUT NERVES^ 
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FIFTEEN FIGURES — ONE PLATE 

INTRODUCTION 

The influence of the nervous system upon development has 
been much studied and discussed, and it is natural, owing to the 
complicated nature of the subject and the close relation of the 
nervous system to the rest of the body, that the views that have 
been held have been diverse and conflicting. 

The literature on this subject up to 1904 has already been fully 
reviewed by Harrison (’04) and Goldstein (’04), and the reader 
is referred to their papers. 

Harrison (’03, ’04), using much earlier stages than Schaper 
(’98) had used, removed the entire spinal cord from embryos of 
Rana sylvatica, virescens and palustris before visible differen- 
tiation of the axial musculature had begun and found that the 
muscle tissue subsequently differentiated normally. The irri- 
tiability of the nerveless muscle was not fully tested, however, 
though one of the operated embryos did give response to uni- 
polar electric stimulation, showing its independent irritability. 
Harrison also found that muscle tissue would develop normally 
when embryos of the frog were kept anaesthetized in acetone- 

^The results detailed in this paper were reported in brief at the May meeting of 
the Society for Experimental Biology and Medicine, 1910, and an abstract appears 
in its proceedings. A more detailed account was reported before the American 
Association of Anatomists, at the Ithaca meeting iu 1910. 
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chloroform during their development. In this way, the motor 
nerve impulses normally transmitted to the developing muscle 
were eliminated. 

Goldstein ('04) published a comprehensive paper after repeat- 
ing Shaper's experiments with improved technique. The embryos 
which he used were of the same age as Shaper’s and, even though 
the whole spinal cord and hind-brain were removed, the experi- 
ments are therefore open to the same objection as Shaper's, viz.: 
that the first nervous connections had been established before 
the operation. Goldstein found that the operated embryos de- 
veloped normally and that their muscle tissue would respond 
to direct stimulation. 

Wintrebert ('03-'05) removed the cord from frog and Ambly- 
stoma embryos at various stages and found that they developed 
normally. He described the presence of contractility in the muscle 
tissue before the nerves reach it. He states that he observed 
not only contraction of the myotomes, but also movement on 
direct stimulation of the fingers of the hind extremity of the frog 
larva, from which extremity all nerve tissue had been removed. 

The most recent work directly bearing on this problem is that 
of Paton in 1907. He concluded that the first movements 
the embryo take place before there is any true nervous connection 
between the muscle tissue and the central nervous system, and 
used this as an argument in favor of the Hensen theory of nerve 
development. 

The purpose of the experiments detailed in the present paper 
was to determine the following: (1) Does differentiation of muscle 
fibrillae and the establishment of the nervous connection with 
the central nervous system precede or follow the acquisition 
of contractility in the myotomes in the normal embryo? (2) 
Will voluntary muscle which has developed without the influence 
of nerves respond to stimuli and, if so, must the stimuli* be applied 
directly or may they be transmitted by non-nervous paths? 
(3) Will cardiac muscle differentiate and function independ- 
ently of nervous control? (4) Will the gross form of the heart, 
^developing under such conditions, be normal? 
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METHODS 

The operations were performed on frog embryos at the stage 
of development immediately following the closure of the neural 
folds (fig. 1). At this time they are from 2.25 to 3,75 mm. 
in length, according to species, and there are absolutely no 
nerve fibers in the central nervous system nor any traces of 
peripheral nerves. The embryos operated upon by Shaper and 
Goldstein were much older and the chances of nerve contamina- 
tion were correspondingly greater. 

The instruments used w^ere: a pair of Noyes’ iridectomy scis- 
sors, an iridectomy knife, forceps and needles, the points of all 
being ground down to a more than hair-like fineness. All oper- 
ations were performed under a Zeiss binocular microscope. 



Fig. 1 Embryo of R. sylvatica, to show the stiige of development used in 
the beginning of the experiments. X9^. (After HiuTison.) 

For the study of the voluntary muscle, it was necessary to 
remove the source of nerve supply to the myotomes. The cord, 
hind-brain and skin of the dorsal region were removed by Harri- 
son’s method. The wound surface produced by this operation 
is so small and heals so readily, that no skin graft was made. 

For the experiments to study cardiac muscle, a much more 
complete operation is necessary. Not only must the cord, 
hind-brain and skin of the dorsal region be removed, but the fore- 
and mid-brain, the primordia of the cranial ganglia (fig. 2) and 
the skin of the entire head region must be taken out as well. 

The cardiac plexuses receive such a large contribution from 
the tenth nerve, according to the work of Kuntz (’09), that it 
is especially necessary to extirpate its ganglia. In operating, 
the first step is to remove the dorsal structures as in the previous 
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experiment. The embryo is then laid on its side and the skin 
cut from the dorsal wound surface to the ventral aspect of the body 
behind the branchial region. When this has been done on both 
sides, the skin is dissected away from the entire he^d down to 
the suckers and removed by a circular cut just above them. The 
remainder of the nervous system of the embryo which has not 
been previously removed is thus completely exposed and may be 
taken off with the knife or needles. 

As may be well imagined, the cut surface in such an operation 
is considerable, and, to prevent disintegration, a skin flap from 
the abdomen of another embryo is grafted over the wound. 



Fig. 2 Diagrammatic sketch to show the cranial ganglia present at the stage 
of operating— They are, from before backwards, the ganglia of the 5th, 7th— 8th 
complex, 9th and 10th. 


The flap is held to the embryo by piling silver wire about it to 
prevent movement, after the method of Born. 

The embryos were operated in 0.5 per cent saline solution and 
were kept in it for one or two days after. They were then trans- 
ferred to water. 

Histological examination showed that the nervous system was 
entirely removed (fig. 3), except in four cases in which a small 
portion of the infundibulum was found to have been left in. These 
cases were carefully examined for nerves, but no trace of any 
were found. In view of the fact that no differences were 
found between the action of the heart in these and in the embryos 
absolutely without any nerve tissue, they were not rejected. 
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Mechanical and electrical stimulation were used to determine 
the irritability of the voluntary muscle. The embryos were stimu- 
lated with a human hair, according to Coghiirs method, and with 
finely pointed steel needles. All stimulating was done under 
the binocular microscope. 

For observations upon the heart, the embryos were placed on 
the stage of an ordinary microscope and the region just behind 


N.C. 



Fig. 3 Diagrammatic cross-section of the body of an embryo of R. palustris 
from which the entire nervous system was removed. //. Heart; N.C., Notochord; 
notice the absence of the spinal cord above it. 


the mouth watched for the beat. This method is a very accurate 
one, as the slightest action of the heart is noticeable by the move- 
ment of the skin. At later stages in palustris embryos, the 
' skin becomes transparent and the heart itself may be seen. 

The embryos were killed in a sublimate-acetic mixture, sec- 
tioned and stained either with iron haematoxylin or with Held's 
molybdic acid haematoxylin. Those stained by the former 
method were usually counterstained with Congo red. 
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The experiments detailed in this paper were performed on the 
embryos of Rana sylvatica, palustris and pipiens. The embryos 
of Rana sylvatica are the least desirable for operating, owing to 
the strong dorsal curvature of the body. Rana palustris and 
Rana pipiens have nearly straight backs, but in the former there 
is a greater contrast between the nervous tissue and the surround- 
ings, so that they may be easily distinguished from one another 
even macroscopically. For this reason palustris is preferable 
to the more diffusely colored pipiens. 

MOVEMENTS OF NORMAL EMBRYOS 

The movements of frog embryos in response to stimulation 
vary greatly according to their age. If embryos are carefully 
watched in their development and stimulated at short intervals, 
a stage will be found where some will respond to stimulation and 
some will not. The reaction is characteristic. As pointed out 
by Harrison (’04) '‘it consists of a sharp tonic contraction of the 
myotomes on the same side of the body and immediately at the 
point of the application of the needle prick.” It is necessary that 
the stimulus be given with a needle sharp enough to penetrate 
to the myotomes. The stimulus, then, is a direct one, but it is 
likely that the mechanical effect of the contraction of one myo- 
tome may sometimes stimulate neighboring myotomes to contract. 

This non-nervous type of response is very different from the 
nervous type which is found in slightly later stages. The char- 
acteristics of this later type were pointed out by Harrison in 1904 
and have since been more thoroughly studied by Coghill (’09). 
At this stage, the response is asymmetrical, the contraction first 
being away from the side stimulated, then toward it, the result 
being a swimming motion. 

A number of embryos taken at the first appearance of the early 
or non-nervous type of response, some of which moved and some 
did not, w^ere fixed separately and cut into serial sections. On 
examination, it was found that the development both of those 
which responded and of those which did not was at essentially the 
same stage. In both, the fibrillation of the voluntary muscle 
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had begun and motor nerve connections between the spinal cord 
and myotomes were present. Thus it was evident that contrac- 
tion on stimulation is a function normally acquired in the axial 
musculature of the frog just after the beginning of the process 
of fibrillation and after establishment of the connection with 
the central nervous system. In the muscles of the limbs the 
case is different, for Braus ('05) found that the muscles in Bom- 
binator do not respond to stimulation until a much later phase 
of development is reached and not until spontaneous contraction 
takes place. 

Harrison ('04) showed that fibrillation was not dependent on 
nervous connection. For proof that contraction is not depend- 
ent on it, we must turn to the experiments. 

MOVEMENTS OF CORDLESS l^miRRYOS 
Effect of mechanical stimiilation 

For the experiments on mechanical stimulation of voluntary 
muscle, 77 embryos were operated, of which 34 died, were abnor- 
mal, or were imperfectly operated. Of the remaining 43 embryos 
which showed no abnormalities, 27 moved on stimulation and 16 
did not. It is interesting to note that three-quarters of the latter 
died later from some organic deficiency, while less than half of those 
that moved failed to hve, indicating, perhaps, that the relatively 
large number which did not* react as compared with the number 
which did was due to vital disorganization of some sort. 

Each of these embryos was placed on the stage of the binocular 
every twelve to twenty-four hours and stimulated with a human 
hair (Coghill, '09) or with a very finely pointed needle. The 
former method was finally rejected, since the operated embryos 
did not respond to skin stimulation as do normal ones with an 
intact reflex arc. The latter method was very satisfactory, as it 
permitted the direct stimulation of very minute areas of muscle 
tissue without any profound injury to the embryo. 

Of those embryos which responded to stimulation, the irri- 
tability began on the first day after the operation in 9 individuals, 
on the second in 16 and on the third in 2. In no case did any 
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embryo begin to show reactions later than the third day after 
the operation. The reaction was a single quick contraction 
toward the side stimulated with the point of stimulation as the 
center of contraction. In no case was there a response unless 
the needle point penetrated the skin. Three specimens gave a 
tremor-like response, but microscopic examinations showed these 
to have nerve tissue present in the trunk region. Spontaneous 
movement was never observed in operated individuals. This is 
contrary to the results of Shaper and Goldstein, both of these 
authors having claimed that spontaneous movement is to be 
observed in the ventral half of embryos which have been cut 
longitudinally. I have repeated their experiments, operating 
at an earlier stage, however, but have not been able to confirm 
their results in this respect. 

One of the most striking features of this experiment is that the 
embryos do not continue to be irritable for an indefinitely long 
period but cease to respond after a day or two. The irritability 
to mechanical stimulation lasted but one day in 20 individuals, 
two days in 5, and but one embryo responded during a three- 
day period and one during a period of four days. 

Embryos killed at the end of the first day and examined for 
their histological structure, show that muscle fibrillation is well 
under way and that the entire development of the body is at the 
samCi stage as those of normal embryos in which contraction in 
response to stimulation is beginniirg to occur. The nervous 
system is, of course,. lacking, but in general the stage of develop- 
ment is the same. 

Microscopical examination of the embryos killed and preserved 
from six to eight days after the operation, shows, as brought out 
by Harrison, that the muscle differentiation is practically com- 
pleted, though not quite so fully as in the normal embryo, that 
there is no nervous tissue posterior to the mid-brain and that, 
with the exception of the absence of the hind-brain and cord, the 
embryos are essentially normal. The principal abnormal feature 
of these embryos is their oedematous condition, plainly visible 
in the embryos as a whole and shown microscopically by the 
presence of many vacuoles in the muscle tissue. 
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Effect of electrical stimulation 

For the experiments on electrical stimulation of voluntary 
muscle, 15 embryos were operated, all of’ which remained in the 
best of condition until killed. They were each stimulated, at least 
once daily, by a weak faradic current. The embryos were care- 
fully watched through a binocular microscope while the stimu- 
lation was applied. Each embryo was placed on a small \)hit- 
inum plate in* water, ^ fine platinum wire being used to form the 
other electrode. On each stimulation, the embryo resf)on(led 
by a single tonic contraction toward the^side stimulated, the 
point of stimulation being the center of contraction. The t 4 ^pe 
of contraction exhibited was exactly the same as that shown 
when the operated embryos were stimulated mechanically. 

The embryos were killed after four or five days, during wliicli 
time response to mechanical stimulation had ceased. II]) to the 
time they were killed, all the specimens responded in the manner 
described above whenever stimulated electrically. 

Microscopical examination of sections of these embryos shows 
that the cord was entirely removed. The embryos wore in every 
respect similar to those used in the experiments on mechanical 
stimulation. 

EXPERIMENTS TO DETERMINE THE MODE OF TRANSMISSION 
OF THE STIMULI 

Wintrebert (’04, ’05) has described a ^scnsibilite primitive’ 
existing in embryos of Rana esculenta during a period of four 
days beginning at the stage following the closure of the neural 
folds. He says that if an embryo during this stage is cut through 
the back in the posterior part of the body, so that the spinal 
cord, notocord and part of the yolk are severed, leaving the two 
halves connected by the skin and yolk of the ventral region only, 
the front part will respond on stimulation of the posterior part. 
After the heart begins to beat, a cut near the anal region severs 
the animal into two independent parts, of which the anterior 
will not respond on stimulation of the posterior. Up to this time 
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there are no peripheral nerves, and , the yolk will not transmit 
stimuli, so Wintrebert concludes that it must be the skin which 
acts as the transmitter. 

To test these results, three sets of experiments on frog larvae 
and additional ones on Amblystoma were made. They were (1) 
a repetition of Wintrebert^s experiments, (2) exposure and stimu- 
lation of the yolk, and (3) girdling of the skin around the body 
and stimulation of the posterior half with and without cutting 
the cord. 

Embryos with the ^ord cut In repeating Wintrebert^s experi- 
ments (table 1 and fig. 4), it was found that no reaction was ob- 
tained in normal embryos of the first stage named by him. A 
4.5 mm. Rana palustris embryo in which stage the tail bud is 
quite pronounced was the smallest from which a response was ob- 
tained. The discrepancy may, however, be due to the difference 
between European and American forms. Furthermore, in all 

TABLE I 

lie.prtition of Wintrebert^ s experiments 


SMBBTO 8IZK BLSPONSES 


1 

1 mm. 

’ 4.25 

Q 0 0 0 0 

0 0 0 0 

0 

0* 

0 

2 .,.. 

4.50 

0 0 0 0*; 0 

o 

o 

o 

X 

0 

0 

0 

3 

' 4.75 

0 0 0 0 0 

0 0 0 : 0 

0 

0 

0 

4 

i 4.75 

0 0 0 10 0 

o 

o 

o 

o 

0 

0 

0 

5 

: 5.00 

0 ; 0 * * 0 '4-“^ 0 0 

0 

0 1 

0 

6 

i 5.00 

0 ; 0 + 0 :-h 

+ +'0i+ 

' 0 , 

+ i 

+ 

7 

' 6.00 


0 0 0 ! 0 

! 0 


0 

8 

■ 6.00 

; 0 0* 0 ' 0 0 

0:000 

1 0 


0 


Intervals of stimulations 15 seconds. 


* Spontaneous contraction without stimulation. Where this is found above a 
negative response, it indicates that a contraction took place in the interval of 


stimulation following. 

tContraction slow in following stimulation. 

® Contraction obviously due to shaking. 

Total number of stimulations ' 96 

Total number of positive responses 15 

Total number of spontaneous contractions 5 

Total number of cemtractions due to shaking 7 
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l)ut one case, the number of J;imes when responses were obtained 
from operated embryos was much less than the number of times 
when no reaction occurred. The older embryos frequently move 
spontaneously, however, and the probabilities are that some will 
move during the time that they are under observation. Alany 
times the embryo moved just before it was to have been stimu- 
lated. That the movement may occur apparently as a result of 
stimulation, when it would have taken place without it, is abso- 
lutely certain. Several times, while an embryo was being stim- 
ulated at regular intervals and a large number of reactions was 
being obtained, the omission of two or three stimulations showed 
that the embryo was contracting more or less rhythmically, whether 
stimulated or not, the periods of the rhythm being the same as 
the intervals of stimulation. 

This, however, is not the only explanation which can be offered 
for the contractions which take place. On careful analysis of 
the conditions preceding the contraction, three factors can be 
seen at work: (1) tension of the skin over the whole body pro- 
duced by pressure with a dull needle, (2) shaking the embryo 
during the stimulation, and (3) hindering the locomotion of the 
embryo due to the action of its cilia. Whenever a needle sharp 
enough to penetrate the skin without increasing the tension 
elsewhere was used, no contraction resulted unless the myotomic 
area was stimulated. The shaking of the operator’s hand will 
clearly cause contractions, so that great care must be taken to 
avoid this. Frequently the needle sticks after penetration and 
the embryo is shaken as it is withdrawn. This also produces 
contractions. Where the embryo’s progress, caused by its own 
cilia, is suddenly stopped, a contraction almost always ensues. 
This is avoidable by slowly checking the motion. 

Stimulation of the yolk 

In the second series of experiments, an opening was made in 
the skin at the side of the animal (fig. 5) and the yolk stimulated 
through it. Out of a total number of 100 stimulations, 29 con- 
tractions were obtained. Of this number, 14 were obviously 
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due to shaking the embryo by runping the needle through the 
body to the skin of the opposite side. This impaled the embryo, 
withdrawal of the needle was difficult and in every case the embryo 
was shaken. One embryo was contracting freely between the 
stimulations and the large number of responses given by it may 
be accounted for to some extent in this manner. Table 2 demon- 
strates the details. 

The results show that the yolk, per se, as Wintrebert stated, 
will not transmit impulses, but contractions may result from shak- 
ing the embryo during stimulation. 




G 

Fig. 4 Diagram of a frog embryo to show position of cut (by dotted line) used 
in the repetition of Wintrebert's e.xpcrimcnts. 

Fig. 5 Diagram of a frog -embryo to show opening through which the yblk was 
stimulated in the second series of experiments to determine the mode of trans- 
mission of stimuli. 

Fig. 6 Diagram of a frog embryo to show “girdling'’ of the skin around the 
body and the area in which stimuli were effective when the cord was uncut. 


Girdled embryos 

In the third series of experiments, the skin only was cut around 
the entire body, thus girdling it (fig. 6). ' 

Stimulation in the region of the cord (within the dotted area 
indicated in the figure) when the latter is uncut, will nearly always 
produce a response in the anterior end of the body (table 3) . If the 
cord is cut, there is no transmission of stimuli from the posterior 
part to the anterior. When the skin is girdled, the cord alone may 
serve for the transmission of mechanical shocks to the anterior 
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half, such as those produced by shaking the embryo. If the 
cord is also cut, the yolk has not consistency enougli to admit 
of shaking the anterior half by disturbances in the posterior, con- 
sequently no contractions result. 

TABLE 2 

Stimulation of the yolk only 


tMBRYO 

SIZE 









BESFONSES 








mm. 














, 




1 

5.00 

+ 

+ 

0 

0 


0 

0 

{) 

+ 

+ : + 

0 

0 

+ ; 0 

0 

+ 

0 

0 

2 
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0 


i 0 
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0 

0 

I 0 

0 

0 I 0 

0 

0 

0 1 0 

■fj 0 

u 

0 

0 

3 

5.75 i 

0 

0 

^ 0 i 

oi 

0 

0 i 

0 

1 0 

0 

0 i 0 
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O'l 0 


0 


^ 0 

4 

6.00 ! 

0 

0 

o| 

i 0 i 

0 

0 : 

0 

0 

0 

+t:+t 

0 

4-t 

, 0 4-t 

' 0 i+t: 


■ 0 

i 0 

5 

6.00 

0 

0 

0 1 

0 1 



4-* 


I+* 


0 

0 


: 0 +* 


: 0 

i 0 


Intervals between stimulations 1.5 seconds. 


t Spontaneous contraction without stimulation, 
♦Needle pierced animal and embryo was shaken. 
Embryo 1 contracted frequently between stimulations. 

Total number of stimulations 

Total number of positive responses 

Total number of spontaneous contractions 

Total number of contractions due to shaking 


TABLE 3 

StimulcUion of the posterior portion of the embryo after ^girdling. Cord intact. 


EMBBTO 

SIZE 




BESFONSES 

1 

mm, 

4.50 

o 

o 

0 

0 

0 ' 0 ’ 0 +* + * + *4-* + * 

2 

: 5.00 

+ ♦0 


+* 

+ ♦10 0 0 i 0 |4-*i 0 4-* 

3 

. 5.50 : 

0 ! 0 

0 


0 i 0 ^ 0 ;4-*i4-*i4-* + * + " 

4 

1 5.50 

+* 0 

+* 


0 !4-*4-*4-*| 0 ■ 0 i 0 ; 0 

5. 

i 6.00 

o 

o 

1 0 

1 

0 

i 0 ^4- 0 0:0 i4-*4-* 0 


Intervals of stimulation 15 seconds. 


♦Stimulations withjn dotted area shown in fig. 4. 

Total number of stimulations 

Total number of positive responses 

Total number of spontaneous contractions 

Total number of contractions due to stimulation of the cord 
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Judging from the results obtained, it would appear that, as 
Wintrebert claimed, the yolk will not transmit stimuli, but on 
the other hand, contrary to Wintrebert, there is no evidence that 
the skin will act as a transmitter of impulses other than those 
of a mechanical nature. 

EXPERIMENTS ON THE HEART 

For the experiments on the heart 45 embryos were operated. 
Of these, 16 died; in 2 it was impossible to see whether the heart 
functioned or not; and in 2 others the operation was imperfect. 
Of the remaining 25, the heart-beat was observed in 21, while it 
was found not to beat in 4 individuals. 

The pulse rate 

The beat usually becomes visible on the second or third day 
after the operation, though in a very few cases it begins earlier 
or later than this. The beating of the heart begins in normal 
individuals about twenty-four hours before it is visible in the 
operated embryos. The pulse-rate in the normal ones begins at 
25 to 40 per minute and gradually increases to from 60 to 70. 
This latter rate is held approximately throughout the entire 
developmental life of the embryos. It is, however, difficult to 
give any definite rate as being the normal, owing to the fact that 
certain factors tend to vary it greatly. Temperature changes 
cause great fluctuations, and activity on the part of normal 
individuals tends to accelerate the heart. The comparisons be- 
tween normal and operated embryos are not affected by tern-"' 
perature since controls and operated embryos are kept under the 
same conditions, but the muscular activity of the control, which 
often cannot be prevented, may seriously alter the vahdity of a 
comparison with the operated individual in its enforced perma- 
nent inactivity, the higher rate of the active normal being more 
nearly equivalent to the pulse of the operated embryo than is 
the rate in an animal which has been resting quietly. The rate 
in the operated individuals begins at 28 to 42 and rises slowly to 
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from 60 to 65 during the first few days, then the rate increases 
gradually to as high as 80, dropping soon after to about 50, 
shortly after which the embryo dies. 

Two reasons may be given for this rise of pulse-rate. 

Up to the time when the external gills wouUl normally form, 
the rate is normal; but since the epithelium of the branchial regu)n 
is removed by the operation, no gills ever develop, and a slow 
asphyxiation of the embryo results. This would ordinarily bring 
about acceleration of the pulse. ■ Evidence of asphyxiation is 
found in the fact that all the embryos were oedematous, a con- 
dition, according to Fischer (TO), produced by a lack of oxygen 
to the tissues. To aid in aeration of the blood, some embryos 
were kept in water under an atmosphere of oxygen. These were 
not as oedematous as embryos not under oxygen, and they lived 
longer. The rise of pulse-rate finally took place, however. 

Another explanation which can be given for the increased 
pulse-rate is that the time when the rate begins to increase beyond 
the normal is nearly coincident with the establishment of the 
connection of the vagi with the heart in normal embryos. It 
would be interesting if it could be proved conclusively that the 
absence of the inhibitory action of the vagi is responsible for the 
increased pulse. 

A number of experiments were performed to attempt an elu- 
cidation of this point. In one series the skin of the branchial 
region was removed, leaving the embryos with an intiict nervous 
system, but preventing the formation of external gills. The pulse- 
rate was carefully counted in both operated and control individ- 
uals. While the beat was distinctly higher in the operated 
embryos during the first few days, the difference decreased as time 
went on, probably in consequence of the development of inter- 
nal gills, which would tend to bring the operated embryos back 
to normal condition. The results of these experiments indicate, 
then, that it is the disturbance of the respiratory function that 
causes the increase in the pulse-rate, though they are not conclu- 
sive with reference to the possible further effect of the withdrawal 
of the action of the vagi. 
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PLAl'E I 

EXPLANATION OF FKIFHES 

S, 9, 12 and 13, from a model of the heart of a normal embryo of liana pahislria 
10 mm. in length. Magnified 50 diameters. 

10, 11, U and 15 from a model of the heart of an embryo of liana p.ahistris from 
which the entire nervous system had been removed at the stage following thf rlos- 
ure of the neural folds. Magnified 50 diameters. 

Ao, Aortic arch. S. T., Sinus venosiis. 

.Iw, Auricle, T. A., Truncus arUTiosus. 

Ao‘, Aortic arch which ends blindly. V, Ventricle. 

V.O., opening of sinus venosus into auricle. 

8 View of the right side of the model of a normal heart, 

9 View of the front of the same model. The liver (fig. 7, L) has been removed 
from the model. 

10 View of the right side of the model of the heart of an operated embryn. 

11 View of the front of the same model. 

12 View of the interior of the model shown ia fig. (, looking anteriorly. 

13 View of the interior of the model shown in fig. 7, looking po.steriorly. 

14 View of the interior of the model shown in lig. 9, looking anteriorly. 

15 View of the interior of the model shown in fig. 9, looking posteriorly. 
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The gross form of the heart 

Three methods were used in studying the gross form of the 
heart; examination of sections, wax-plate reconstructions and 
eiissections. In all of these careful comparison was made between 
hearts of normal and of operated individuals, and the results 
obtained from the different sources were the same. 

The models from which the figures were taken were made from 
a normal individual of Rana palustris, 10 mm. in length and from 
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Fig. 7 Portion of tlie heart wall of the same embryo as Figure 3, showing the 
striated muscle fibrillae. Zeiss homo, immersion 2 mm., 2 oc. 

an operated embryo of the same species, killed seven days after 
the removal of its nervous system. The two embryos were in 
very nearly the same stage of development. The model of the 
normal heart was made at a magnification of 133| diameters, 
that of the nerveless organ 100 diameters; both have been reduced 
to a magnification of 50 in the figures. 

The heart of the normal frog larva shows clearly the relations 
of the various chambers in the embryonic organ (figs. 8, 9, 12 
and 13). The venous sinuses are more wholly within the tissue 
of the liver than is the case in the adult organ, a fact due to 
the close relation of the liver to the heart in this stage. The 
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sinus venousus is a large cavity empt 3 dng into the right side of 
the auricle, which occupies a dorsal position on the heart. The 
auricle opens into the ventricle which occupies a ventral position. 

The hearts of the operated individuals are much like the nor- 
mal, except that in nearly every case some of the aortic arches 
end blindly. This is due to injury received in the operation. 
When one considers the very close relation of the heart in its 
pharyngeal position to the tissues of the brain and cranial gan- 
glia, one can readily see the liability of the heart to injury during 
the removal of the nervous tissue. The necessity of. removing 
the branchial epithelium with the consequent injury to the bran- 
chial arches, causes a disturbance of the normal formation of 
the aortic arches and leaves the systemic trunk alone functional. 
As a result of this, the truncus arteriosus does not usually divide, 
but remains single and runs directly into the dorsal aorta. The 
venous supply is normal. 

The most striking thing about the gross form of the heart in 
the operated embryos is its relatively great size (figs. 10, 11, 14 
and 15). Both the auricle and ventricle are dilated and hyper- 
trophied. As is usual, the dilatation of the auricle is greater than 
that of the ventricle but the hypertrophy of its walls is less. 

Dilatation of the heart is in general produced by two causes, 
working separately or together, viz: increased internal pressure 
and cardiac insufficiency. There seems to be ground for the 
belief that there is an hydraemia in these embryos, a condition 
which would create an increased internal pressure on Ihe heart. 
As already noted, these embryos are oedematous. Fisher, (TO) 
says every condition that makes for a state of lack of oxy- 
gen .... be this through disturbances in the affected 
parts themselves, or in some very distant organ, as the heart, 
makes for an increase in the severity of the oedema.” The entire 
animal must suffer through lack of oxygen due to the disturbances 
in the arterial supply of the body and the non-development of 
gills in the operated embryos, which causes difficulty in properly 
oxygenating the blood. Krehi (^07) states that ‘Tt is possible that 
an hydraemia should be caused, not only by a primary reduction 
of the proteid constituents of the blood, but by a primary increase 
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in the amount of water. Thfe hydraeinias associated with 
. . cardiac insufficiencies are probably partly of this 

nature.” 

In general, wherever dilatation is present, hypertrophy occurs, 
but the auricle is much behind the ventricle in the compensatory 
thickening of its walls. Another factor though probably not 
such an efficient one, in the hypertrophy of the heart is its rapid 
beat. Tachycardia, or any other condition which increases the 
work of the heart, tends to produce hypertrophy. As pointed 
out above, it is impossible to prove definitely whether the tachy- 
cardia here present is due to dyspnoea or to the lack of the 
controlling power which the vagi normally exercise, though the 
evidence at hand points toward the former. 

DISCUSSION OF RESULTS 

It is evident from the experiments that in normal frog embryos 
the differentiation of the fibrillae in axial muscles precedes the 
acquisition of contractility and that contractility in response to 
stimulation appears before spontaneous contractility. Further, 
just before the embryos become irritable to stimuli, the myotomes 
become connected with the central nervous system by motor 
roots. The fact that contractility begins almost synchronously 
with the establishment of nervous connections in the muscles of 
the body wall might suggest that there is a causal connection 
between the two and, as a matter of fact, this mode of reasoning 
has already been employed by a number of authors. The inse- 
curity of such arguments is clearly demonstrated, however, by 
the experiments on cordless embryos whose muscles react to 
stimuli without ever being connected with the nervous system. 

It seems quite clear that the contractions of voluntary muscle 
tissue seen after mechanical stimulation of cordless frog larvae 
are due to direct stimulation, since the central nervous system was 
removed before there were nerves of any kind growing from 
it, and since contraction takes place only when the muscle is 
actually punctured. This phenomenon is, however, explained 
by Wintrebert, Shaper and others on the basis of a mode of non- 
nervous transmission of impulses. It is, of course, impossible 
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to prove that a non-nervous ccftiduction path does not exist but. 
on the other hand, its presence has never been actually demon- 
strated by any of the experiments which have been adduced in 
its favor by previous investigators and all the phenomena which 
have been supposed to demonstrate the existence of such conduc- 
tion paths are quite as readily explained on the basis of more 
familiar factors. Mechanical tension of the skin and shaking 
or jarring of the embryo will account for Wintrebert’s results. 
The burden' of proof in this question rests entirely upon those 
who claim the presence of a conducting mechanism other than 
those whose existence is already clearly established. 

There is such a close parallelism between the normal and cord- 
less embryos that we are fully justified in attributing the first 
movements of normal individuals to the same cause as that which 
produces responses in the operated embryos, i.e., the direct 
irritability of the muscle tissue. Wlien stimulated mechani- 
cally or electrically, the operated embryos respond by a single 
quick contraction toward the side stimulated, the point of stim- 
ulation being the center of contraction. The parts of the ani- 
mal anterior and posterior to the parts stimulated do not enter 
into the response. In stimulating normal embryos at a very 
early age to separate those which responded from those which 
did not, it was quite noticeable that the former always contracted 
on the side stimulated. A sharp needle was used and the stimu- 
lation was given directly to the myotonies, as it was in the cord- 
less embryos which were mechanically stimulated. In this stage 
normal embryos have in the Rohon-Beard nerves a fairly well 
developed sensory system, but it is doubtful whether the central 
connections with the motor apparatus are established. At a 
somewhat later stage a considerable number of fiber tracts are 
developed in the cord and then the embryos respond to the light- 
est touch in the manner described by Harrison and Coghill. Cog- 
hill used a human hair with which to stimulate, but this would 
have no effect unless the sensory system were developed, and 
there must be a complete sensory-motor arc to produce a contrac- 
tion on the opposite side of the body from the. one stimulated. 
A simple contraction toward the side stimulated, involving an 
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extrerncly small area, indicates that the stimulation was limited 
to one or two myotomes and was given directly. That the irri- 
tability of the operated embryos to direct mechanical stimula- 
tion should cease after a period of active response is extremely 
perplexing, because its irritability to electrical stimuli ])ersists 
considerably longer and, as is well known, adult muscle res{)()mls 
to direct mechanical stimulation. 

The results of the study of the heart action in embryos deprived 
of all nervous tissue give very clear cut evidence in favor of the 
myogenic theory of the heart beat The two principal theories 
of the nature of the heart beat, from myogenic or neurc^genic 
causes, have each many strong arguments in their favor. To 
prove conclusively that the myogenic theory is the coi-rect one, 
three things are necessary. (1) It must be shown that undifTer- 
eiitiated cardiac muscle possesses the ability to pulsate rhythmi- 
cally before the nervous system establishes connections with it. 
It must be proved (2) that cardiac muscle when differentiated 
will continue to contract rhythmically without ever having been 
connected with the nervous system and (3) that a heart which 
has so developed will act physiologically in the same manner 
as a normally developed heart of equal age. 

The first requirement for a conclusive proof of the myogenic 
theory has been clearly demonstrated already. It has long been 
known that the embryonic' heart will beat before it is connected 
with the nervous system. Fano (’85) found the beating heart 
in the chick on the second day of incubation. Chandler (’08)'^ 
found the heart beating in chick embryos of 11 somites and Tiilie 
( 08) mentions the occurrence of the heart beat in chicks of 10 
somites. Paton (’07) has described the heart beat in Pristiiirus 
embryos of 4 mm. length. In all these instances, the occurrence 
of the heart beat has preceded connection of the heart with the 
central nervous system, though Paton believes that there is a pro- 

^Perley B. Chandler, 1908, “A study of the neurofibrillae of the central ner- 
vous system.” Thesis presented for the degree of M. D. in the Department of 
Medicine of Yale University. Dr. Chandler was killed in a railway accident shortly 
after graduation and his thesis was never prepared for publication. I am 
indebted to the Medical Department for the use of his paper. 
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topla^mic conducting path for impulses to it. Further, as Shaper 
(’98) says: “We know that the anlage of the heart has a period 
of rhythmic pulsation before there can be any specific differentia- 
tion of nervous substance.” It seems evident, then, that undif- 
ferentiated cardiac muscle possesses the ability to pulsate rhyth- 
mically before the nervous system establishes connections with it. 

The second requirement for a proof of the myogenic theory is, 

1 think, adequately met by the experiments detailed in this paper. 
My results are fully in accord with those of many other investi- 
gators, but the method used. here gives a much more rigorous 
proof than has heretofore been offered. The destruction of the 
nervous system by chemical or physical means or by trusting to 
the atrophy of the remainder after the removal of a part is not 
as sure of producing unquestionable results as careful total 
removal of the nervous system at an early stage by surgical means. 
Wintrebert (’05) notes the fact that he found the heart beating 
in embryos of Raiia viridis after the total removal of the nervous 
system. Vernoni (’10) finds that the heart of the chick will 
continue to beat for several days after the nervous system has 
been destroyed by exposure to radium at a very early age. Fi- 
nally, Burrow's (’ll) has succeeded in totally isolating the living 
heart from chick embryos into plasma clots and finds that they 
will beat rhythmically for three days. It is evident from the 
experiments that not only will the embryonic heart of the frog 
begin to beat without the influence of the nervous system, but 
will continue to beat till conditions entirely extraneous to the 
heart, such as difficulty in aerating the blood and inability to 
feed, kill the organism. During this period the tissue of the heart 
is normally differentiating, and the heart as a whole is passing^ 
through its normal development. It is, then, evident that car- 
diac muscle when differentiated will continue to beat rhythmically 
without ever having been connected with the nervous system. 

The third point necessary for complete demonstration, viz. : 
That a heart which has so developed will act physiologically in 
exactly the same manner as a normally developed heart of equal 
age, has not as yet been proved. Indeed, it is so difficult of proof 
in the case of animals like the frog, owing to the extreinely small 
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size of the embryonic heart, that it is a question whetlier it can 
ever be adequately demonstrated. Until such time as this point 
is proved, we must content ourselves with evidence derived from 
the adult heart under conditions such that nervous control is 
eliminated. The first two points may be considered proved, the 
third can only be said to be probably true. 

The results of the experiments detailed in this paper, to^^tither 
with the work of Harrison, Braus and Baton, present certain dif- 
ferences in the various kinds of muscle tissues. All muscles, 
cardiac, axial and appendicular, dilTereiitiate indepemlently of 
nervous control, but in their ability to function there is a graded 
difference. Cardiac muscle, which we have reason to believe is 
the most primitive, will function s]mntaneously and rhythmically 
without nervous control. The axial muscles of the frog, on the 
other hand, will not function spontaneously in the absence of 
the nervous system, though they will respond to direct stimula- 
tion. In appendicular muscle, however, the muscle fibers are 
still more dependent on the nervous system and do not respond 
to stimulation till late in their development. The work of Braus 
(’05) demonstrates conclusively that normal and transplanted 
limbs of Bombinator have a complete nervous supply to the mus- 
cles before they move spontaneously. He found that he could 
obtain no contraction on stimulation with a faradic current until 
spontaneous contraction had begun to appear, and unipolar stim- 
ulation of the limbs in very early stages gave no results. It is 
interesting to note that Baton has shown that the axial muscles 
of Bristiurus function spontaneously, before the development 
of nerves, in a rhythmic manner similar to that of heart muscle. 
It may very well be that the limb muscles of this form present a 
condition similar to that of the axial muscles of the frog. The dis- 
covery of this point and the determination of the period of the 
transition in both axial and appendicular muscles in the phylo- 
genetic scale would greatly broaden our knowledge of muscular 
development and functioning power. 

In conclusion, it is a pleasure to acknowledge my very great 
indebtedness to Dr. B. G. Harrison for suggesting this problem 
and for his invaluable aid as the work progressed. 
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SUmAKY 

1. In normal frog embryos, the differentiation of muscle fi- 
brillae and the establishment of nervous connection with the cen- 
tral nervous system precede, though but slightly, the acquisition 
of contractility in the myotomes. 

2. Voluntary muscle, which has developed without nervous 
influence, will not contract spontaneously but will respond to 
mechanical stimuli directly applied and to electrical stimuli. 
Irritability to electrical stimuli persists considerably longer than 
irritability to mechanical. 

3. There is no evidence that stimuli may be transmitted along 
non-ncrvous structures, such as the skin and yolk, though ten- 
sion of the skin and shaking the embryo may produce responses 
by bringing about direct mechanical stimulation of the myotomes. 
The contraction of one myotome may, however, mechanically 
stimulate others near it within very close limits. 

4. The heart will function normally in the total absence of 
the nervous system and its tissue will differentiate normally. 
The differentiation of cardiac muscle, like that of voluntary mus- 
cle, is slower than in normal individuals, corresponding to the 
retarded development of the body as a whole, but the fibrillar 
tion is absolutely normal. The differences between normal and 
operated individuals are those of degree, not of kind. 

5. From the morphogenetic standpoint, the complete removal 
of the nervous system has little effect on the heart. The abnor- 
malities which do appear after the operations described are directly 
traceable to functional disturbances of which the general oedem- 
atous condition of the body is an index. This condition is 
caused by the difficulty in properly oxygenating the tissues owing * 
to a disturbed arterial supply and the absence of external gills, 
for which the operative technic is entirely responsible. 
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INTKODUCJION 

It has long been recognized by the botanists that the apical 
region is physiologically deminant over other regions to a greater 
or less extent in higher plants. In Tubularia (Child,. ’07) and 
various— perhaps all other — hy droids the hydranth region is 
dominant over more proximal regions so far as they are not beyond 
the limit of effectiveness for the given conditions. In the present 
and following papers data will be presented which establish, I 
think, beyond a doubt that in Planaria dorotocephala a relation 
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of the same sort exists between anterior and posterior regions. 
The head region dominates and controls all regions posterior to 
it, though the degree of this dominance differs at different levels 
and under different conditions. 

It is primarily the processes in the anterior region of the body 
which determine the localization and differentiation of more pos- 
terior parts and the formation of a second zooid and often of addi- 
tional zodid>s at the posterior end of the body is due to the fact 
that the correlative factors originating in the anterior region are 
effective only within a certain distance, the effective distance, 
i.e., they lose in energy or effectiveness with transmission from 
the point of origin, so that if increase in length beyond a certain 
point occurs certain regions become in greater or less degree phys- 
iologically isolated from the dominant region and begin to react 
in much the same way as when physically isolated. 

In short, we shall find that if a head is formed in regulation, 
the development of other organs follows necessarily, so far 
nutritive material is available. On the other hand, the regula- 
tory formation of a head in Planaria is not due to any inherent 
tendency’ of any sort whatever of the piece to form a new whole. 
So far is this from being the case that we find that new heads form 
more frequently in pieces from old than in pieces from young 
animals and under certain conditions we can even increase the 
capacity of a piece to produce a new head by decreasing the rate 
of dynamic processes in it by means of alcohol and various other 
anesthetics, by low temperature and by various other means. The 
data to be presented in this and following papers will show that 
the formation of a new head in an isolated piece of Planaria is to 
a certain extent opposed to rather than correlated with other 
activities of the piece. 

When once the process of head formation is well under way 
then the remodelling and redifferentiation of the other parts into 
a new whole begins. In general no piece of Planaria is able to 
give rise to structures characteristic of regions of the body anterior 
to that which it originally occupied, unless a new head region forms 
or begins to form first. The new whole arises from the piece in 
such cases not by a process of ‘restitution’ of the missing parts, 
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but in a manner rather closely comparable to the formation of a 
new bud and a new axis from a region of differentiated tissue in a 
plant. We may say that in general the conditions which favor 
the regulatory development of a dominant part are opposed in 
character to those which favor the development of subordinate 
parts. Under certain conditions weakness or depression of the 
old system constitutes one of the most favorable factors for the 
development of a new dominant part, while vigor, i.e., a high 
rate or intensity of reaction favors the formation of subordinate 
parts. In oth.er words, physiological isolation (Child, ’11a) is 
the essential factdr in the formation of a new dominant part, 
while the formation of subordinate parts is deteianincd by cc)rrc‘- 
lation. That correlative factors are not entirely without influ- 
ence in the formation of dominant parts is shoMm by the faet that 
the frequency of head formation in Planaria \’aries with the length 
of the piece (Child, Tib), but it is also a fact that short pieces of 
Planaria from any region will give rise to heads alone, i)rovided 
only that the rate of reaction is sufficiently high. In the same 
way isolated short pieces of Tubular ia and (^oryniorpba steins 
give rise to hydranths alone or even to only the distal portions of 
hydranths. Manifestly then the dominant part is capable of 
forming without any correlation with other parts, though correla- 
tive factors maj" increase or decrease the rate of its formation. 

The data obtained in the course of my experiments which bear 
upon this problem are in part morphological in part physiological: 
the presentation of the morphological data precedes that of the 
physiological because ^he former concern visible features of the 
processes of regulation while the latter afford a physiological basis 
for their interpretation. 

EXPERIM ENTAL DATA 

1 . Regional differences in head formation along the axis 

These regional differences were discussed at some length in the ^ 
preceding paper and need be only briefly referred to here. If we 
compare pieces of the same length and within certain limits of 
•length in sequence from the anterior end posteriorly, we find first 
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Fig. 1 Outline of Planaria dorotocephala; showing 
various levels of section. 

Figs. 2-5 Pieces of different length from different 
regions, showing the different methods and results of 
regulation. Fig. 2 , regulation in pieces above a certain 
length from the anterior region of the body: head large, 
phar 3 Tix near posterior end. Fig. 3, regulation in pieces 
above a certain length from the posterior region of the 
first zooid: head small, pharynx anterior to middle. Fig. 
4, one type of regulation in very short pieces from the 
anterior region; a ‘tailless head.' Fig. 5, usual type of regulation in short pieces 
from posterior region of first zooid; ‘headless.’ 
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that the rate of head formation and the size of tiie head formed 
decrease with increasing distance of the level concerned from the 
anterior end. Fig. 2, an anterior piece including the region ac, 
fig. 1, and fig. 3, a piece from the posterior region of the first zcoid 
[dj, fig. 1) illustrate the extreme terms of these differences. But 
these regional differences, which in longer pieces are merely quanti- 
tative become in the shorter pieces qualitative, i.e., in the morpho- 
logical sense, and we often find very short pieces from the extreme 
anterior end giving rise to tailless heads (fig. 4), while short pieces 
from the extreme posterior end of the first zodid, developing under 
the same conditions as the others, may give rise to completely 
headless forms (fig. 5). 

In addition to these differences which concern the head as a 
whole, we find that teratophthalmic^ (Child,' 1 lb) and tcratomorphic 
heads (Child, 'lid) show a similar relation to the main axis: not 
merely the capacity to form a head but the capacity to form a 
'normal' head decreases posteriorly when pieces are compared 
under uniform conditions. These and other data cited in the pre- 

'In my earlier experiments I distinguished only three types of anteiior regula- 
tion in the reconstituted pieces: ‘normal/ with two equal eyes symmetrically 
placed; ‘teratophthalinic,’ with unequal, unsysmmetrically placed, partially fused 
or single ’eyes; ‘hj|adless/ including ^11 cases without eyes and auricles whether 
a distinct outgrowth was present or not. In the preceding paper tChild, lib), 
which was almost ^oliy concerned with my earlier work, only these three types oi 
anterior regulation were distinguished. As my work went on, however, it became 
evident that different kinds ot teratophthalinic heads occurre<i and that many of the 
pieces which failed to form eyes and auricles were ne\ertheles3 not strictly speaking 
headless. 1 found it particularly desirable to distinguish those cases in which only 
the eyes were abnormal from those in which the form of the head was also almormal. 
The teim leratophthalmic' was therefore used for the former type and the term 
leratomorphic' for those cases in which the anterior median region of the head was 
reduced in size or failed toVlevelop so that the auricles were brought close together or 
fused on the front of the head. Similarly the cases where eyes did not appear were 
grouped under two heads, the ‘anophthalmic’ pieces in which a distinct outgrowth 
of new tissue developed at the anterior end, and ‘ headless’ in which the growth of 
new tissue Was limJted to closure of the wound. For most purposes this grouping 
of the results is sufficient, but in certain cases where a more extended analysis of 
the conditions determining the formation of eyes is the object in view the terat- 
ophthalmic type must be still further subdivided. 

In a recent summary of certain parts of my work (Child, 'Ud) the five types 
mentioned above are described and figured. 
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ceding paper constitute the basis for the conclusion that a dynamio 
gradient of some sort exists along the chief axis of the planarian 
body. 


2, Regional differences in the position of the pharynx 

The pharynx serves as a visible landmark for a region of the 
body which possesses certain functional characteristics. In the 
contraction and extension of the planarian body the prepharyngeal 
and postpharyngeal regions behave differently. In the former 
contraction occurs in such a manner that the intestinal contents 
are in general forced posteriorly, while in the latter the intestinal 
contents move anteriorly as contraction occurs. In extension the 
contents move in the reverse directions in the two regions. In 
other words, the pharynx appears at the posterior end of a charac- 
teristic region, the prepharyngeal region. The longer this region, 
the farther from the head does the pharynx appear and vice versa. 

When we compare pieces of the same length from different 
regions of the body, we find that the prepharyngeal region is 
longest and the new pharynx farthest from the head in the most 
anterior pieces (fig. 2) and that the length of the prepharyngeal 
region decreases and the pharynx becomes more anterior in succes- 
sive pieces from the anterior regions of the body bs^fckward (fig. 3). 
In general then, there is a very definite relation between the rate 
of head formation, the length of the prepharyngeal region and the 
position of the pharynx; the greater the rale of head formation 
the longer the prepharyngeal region and the more posterior the 
pharynx and vice versa. 

S. The later course of regulation 

It has commonly been stated that pieces of Planaria gradually 
acquire in the course of regulation the proportions of the original 
animal. Such a statement can be accepted as true only in a very 
general sense. For example, the proportions of young small 
worms are different in various ways from those of old large ani- 
mals. In general, the shorter the piece the more closely do its 
proportions after regulation approach those of the young animal 
and vice versa. 



STUDIES ON THE DYNAMICS OF MORPHOGENESIS 193 

But the point of chief importance in the present ooniiection is 
that the change in proportions which occurs during the later stages 
of regulation is a very different process in pieces from the old 
prepharyngeal region from that in pieces from the old post- 
pharyngeal region. Under anything approaching natural con- 
ditions the change in proportions in the postpharyngeal piece 
is rapid (figs. 10 and 11). The head increases in size rapidly after 
its first appearance and the pharynx seems to migrate posteriorly 
because of the elongation of the new prepharyngeal region at 
the expense of the postpharyngeal region. Sooner or later the 
animal cannot be distinguished from a normal worm of medium 
size. Changes of this character occur in pieces from the post- 
pharyngeal region whether food is given or not, but in the presence 
of agents which decrease the rate of metabolism and consequently 
the rate of formation of the head the changes in proportions are 
also retarded and in extreme cases are limited to the newly formed 
prepharyngeal region of the piece (figs. 13, 18). 

Ill pieces from the old prepharyngeal region on the other hand, 
whether they retain the old head or develop a new one, we find that 
the short new postpharyngeal region (fig. 2) grows very slowly 
when no food is given. If such pieces are not fed, we usually 
find, that ev(m after months the head is disproportionately large 
and the prepharyngeal region disproportionately long. 

Briefly stated then the facts are these: a new prepharyngeal 
region formed in pieces arising from the old postpharyngeal 
region attains full size even in starving animals, but a new post- 
pharyngeal region formed in pieces from the old prepharyngeal 
region remains indefinitely of relatively small size unless an 
excess of nutritive material is present. 

These facts seem to me to indicate that in growth as well as in 
localization and differentiation the prepharyngeal region is domi- 
nant over the postpharyngeal. If we carry the experiments of 
this character farther and compare different parts of the pre- 
pharyngeal region with respect to the degree of their domii ance 
over more posterior regions, we shall find that the more anterior 
prepharyngeal regions are more completely dominant than others 
over newly formed postpharyngeal regions. In other words, the 
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growth of the new postpharyngeal region at the expense of the 
old prephar 3 Tigeal region proceeds more slowly and ceases at an 
earlier stage in pieces from the most anterior region than in pieces 
farther from the old head. 

My observations upon these points include hundreds of pieces 
and a large number of measurements. I have not attempted to 
give the data in full because I believe that all who are familiar 
with the course of regulation in Planaria and related forms will be 
able to confirm my statements. Morgan observed this relation 
between prepharyngeal and postpharyngeal regions in his earlier 
work on Planaria (Morgan, ^00, pp. 02-3) but merely recorded the 
fact without attempting to interpret it or to connect it with other 
facts. 

J^, TJie dominance of a^iterior regions in t}}£ regulatory development 
of pharynx and intestine 

The facts to be considered under this head are briefly these: 
pieces from the postpharyngeal region of the first zcoid of Planaria 
never develop a new pharynx or prepharyngeal region except in 
cases where some approach to the formation of a head occurs 
at the anterior end. On the other hand, pieces containing any 
part of the original pharyngeal or prepharyngeal region always 
develop a new pharynx— or retain the old— whether a head 
develops or not. 

All who have worked with Planaria are familiar with the fact 
that under the usual conditions of experiment in all pieces where 
regeneration of a head occurs a pharynx also develops except in 
cases where the piece retains the old pharynx, or when it is so 
small that it produces a Tailless head.’ The differences in such 
pieces as regards rate of development of the head and the length 
of the prepharyngeal region have been noted above. 

But the pieces which fail to produce a head differ widely^in 
their ability to produce a pharynx. During 1905 I made an 
extensive study of short pieces in which large individuals were cut 
into from ten to twenty-four pieces, a record being kept of the 
approximate region of the body from which each.piece came and 
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jf the history of each individual piece. These experiments 
established the fact considered briefly in the preceding paper 
(Childj ffh), viz.^ that the capacity for forming a new head 
depends to some extent upon the length of the piece and that this 
factor in- head formation becomes increasingly important with 
increasing distance of the pieces from the anterior end of the 
original worm back to the region of fission. In addition to this 
evidence for the existence of an axial gradient of some sort, the 
experiments established the important fact the pieces which fail 
to produce a head do not produce any regions of the body anterior 
to their original level. My records show that in every case where 
pieces from the prepharyngeal or pharyngeal region remain head- 
less they nevertheless develop a new pharynx, or the old pharynx 
remains: even pieces which include at the anterior end only the 
old mouth and a very small part of the pharyngeal region such, for 
example, as ac, fig. 6, are capable of developing a new pharynx 
whether a head develops or not. But pieces from a region slightly 
farther posterior than this which includes no part of the pharyn- 
geal region (bd, fig. 6) mvtr produce a new pharynx when they 
remain headless. If, however, some slight approach to head 
formation occurs a. new pharynx always appears in such pieces. 
Further experiments in later years confirmed these results. My. 
earlier records concerning this point include some fifty pieces. 

During the present year I prepared a series of pieces for a fur- 
ther test concerning this point. Well-fed worms 15 to 18 mm. in 
length were used and from these pieces like 6d, fig. 6, were cut, 
50 such pieces being prepared. The results are given in percen- 
tages, in the following table: 



N'ORMAL 

TERATOPHTHALMIC 

TERATOMORPHIC 

ANOPHTHALMIC 

HEADLESS 

With pharynx 

4 

8 

10 

26 

0 

Without phaiynx. 

0 

0 

0 

6 

46 


.4 

8 

10 

32 

46 


The table shows that all of the normal, teratophthalmic and 
teratomorphic pieces developed new pharynges. Of the 50 pieces 
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a 

’b 

c 

d 


9 

Fig. 6 Outline of pharyngeal and postpharyngeal region 
showing various levels of section. 

Figs. 7-9 ‘Anophthalmic’ pieces from posterior region 
of first zooid. Fig. 7, anterior outgrowth small, no 
pharynx formed and no anterior regulation of the alimen- 
tary tract. Figs. 8 and 9, anterior outgrowth larger, new 
pharynx present, short prepharyngeal intestine formed, ■ 

16, 32 per cent, are anophthalmic, i.e., they show some outgrowth 
at the anterior end but do not develop eyes. The amount of the 
anterior outgrowth differs widely in different pieces. Of these 
anophthalmic pieces 13, 26 per cent of the whole series and more 
than three-fourths of this type, developed new pharynges, while 
only 3 pieces, 6 per cent, remained without pharynges. More- 
over, my records show that in every case where a pharynx failed 
to develop in these anophthalmic pieces the anterior outgrowth 
was small like that in fig. 7 or even smaller, while in all but two 
cases where a pharynx was formed the outgrowth was visibly 
greater and of the types shown in figs. 8 and 9. In short it w^as 
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evident from examination of the pieces that in general those 
which developed p’harynges were less completely headless than 
those which did not. 

The regulatory changes in the intestine run parallel with the 
other changes: in those cases where a new pharynx is formed a 
short median prepharyngeal intestinal axis is formed, while in 
those pieces which do not give rise to a pharynx no appreciable 
regulatory changes in the intestinal tract occur. Figs. 8 and 9 
show the intestinal structure in pieces which develop a pharynx 
and fig. 7 that in pieces without a pharynx. It is suflieiently 
clear that the development of a pharynx is associated with the 
presence or new formation of a prepharyngeal region. 

The strictly headless pieces of the series, twenty-three in num- 
ber, 46 per cent of the whole series, did not in a single case give 
rise to a new pharynx. The alimentary tract in these pieces is 
essentially similar to that in fig. 7. It should perhaps be added 
that in the examination to determine the presence or absence of 
a pharynx each piece, after it had been kept long enough for regu- 
lation to proceed as far as it it would go- twenty days at 20° C.— 
was subjected to compression under the microscope. By this 
means it is possible to detect the pharynx even when it is very 
minute and otherwise quite invisible. My records also include 
hundreds of headless pieces from the pharyngeal and prepharyn- 
geal regions and in no single case among them where the old 
pharynx was not retained has a pharynx failed to develop. 

These facts seem to me to be of great importance in connection 
with the question of dominance of anterior over posterior regions. 
They show that where a part of the pharyngeal or prepharyngeal 
region is present a new pharynx develops whether a head forms or 
not, while in the postpharyngeal region of the first zooid no new 
pharynx appears unless at least a start toward head formation 
occurs. Evidently the process of head formation determines at 
a very early stage the localization of a new prepharyngeal and so 
of a pharyngeal region. In short a new pharynx appears in an 
isolated piece only when some part of the original pharyngeal or 
prepharyngeal region is included in the piece or is formed anew in 
the course of regulation. And furthermore, the formation of a 
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new prepharyngeal and pharyngeal region is dependent on the 
formation of a head or something which approaches a head in 
physiological character. Discussion of the question as to the 
nature of this capacity of the head region to determine the devel- 
opment of other regions and of the capacity of regions at any level 
to, determine regions posterior to them, in short, the question as 
to the nature of antero-posterior physiological dominance, 
requires the consideration of other data of different character 
from those presented here and must therefore be postponed. 

5, The position of the pharynx under experimental conditions 

A, In pieces from the old postpharyngeal region. The relation 
described above between the region of the body from which the 
piece is taken, the size and rate of development of the head and 
the position of the pharynx is by no means fixed in character, and 
can be altered very readily by a great variety of experimental con- 
ditions. 

In describing a few experiments of this character we may con- 
sider first pieces from the original postpharyngeal region: in such 
pieces the process of regulation involves the formation of a pre- 
pharyngeal and pharyngeal region from the anterior part of the 
old postpharyngeal region. In such pieces we can alter the 
size and rate of development of the head, the length of the pre- 
pharyngeal region, and the position of the pharynx almost at will. 

For experimental purposes pieces including the whole post- 
pharyngeal region {bx^ fig. 6) afford the most striking results, 
though shorter pieces from the posterior region of the first zodid 
may be used. As a basis for comparison I have used in my 
experiments the postpharyngeal regions isolated from worms 
15 to 18 inm. in length which have been sufficiently well fed to 
keep them from either decreasing or increasing in size to any 
marked extent. Regulation of these control pieces occurred at a 
temperature of about 20° C. in water containing an exce^ of 
oxygen for the requirements of the animals. The results from 
such pieces are uniform in high degree. The pieces produce a 
large head with normal eyes and the pharynx appears at about 
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Figs. 10 and 11 Postpharyngeal pieces showing regulation in water at tempera- 
ture of 20“ C. Fig. 10, early, fig. 11, later stage. 

onC' third of the length of the piece from the anterior end. Fig. 10 
shows an earlier, fig, 11 a. later stage in the regulation of such a 
piece. The only appreciable variation from this result which I 
have observed, when material and conditions are as above stated, 
IS the very rare occurrence of partly fused eye spots. In ten 
series of 50 pieces each, a total of 500, 497 pieces were essentially 
similar to fig. 11, while 3 pieces (0.6 per cent) differed only in 
possessing partly fused eye spots. It is evident from these data 
that these pieces under constant conditions give a very definite 
characteristic result. 

Similar pieces from worms in similar condition which undergo 
regulation in alcohol mr ether or other anesthetics at the same 
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Figs. 12-14 Postpimryngcal pieces showing relation between regulation and 
external conditions. Figs. 12 and 13, regulation in alcohol 1.5 alter twelve days. 
Fig. 14 shows the changes in these pieces after return to water. 


temperature as the controls give strikingly different results. My 
records include more than a hundred such pieces and show uni- 
formly that the head is always smaller, develops more slowly than 
in the controls, and is very commonly teratophthalmic and often 
teratomorphic : in most cases also redifferentiation plays a larger 
part in the formation of the head than in the controls. The 
pharynx is also small and is always much nearer the anterior end 
than in the controls. Figs. 12 and 13 show two characteristic 
pieces after twelve days in 1.5 per cent alcohol. In fig. 12 the 
head is more nearly normal and a small pharynx is present: in 
fig. 13 the head is almost entirely the result of redifferentiation and 
possesses only a single eye in the median line and the pharynx 
is even smaller and nearer the anterior end than in fig. 12. It 
should also be noted that the changes in proportion in these 
pieces extend posteriorly only a short distance from the head. If 
these pieces are kept in alcohol they remain in approximately the 
condition figured until death. If, however, they are returned to 
water the development of the head proceeds, it becomes larger, the 
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prepharyngeal region becomes longer and the elongation and 
aecrease in width gradually extend posteriorly (fig. 14). 

The intestinal regulation in these pieces occurs only in the region 
anterior to the pharynx, whether this region is long or short. In 
cases like figs. 12 and 13, for example, we find a prepharyngeal 
median axial intestine in the short prepharyngeal region and with 
the elongation of this region after the return to water (fig. 14) the 
prepharyngeal axial intestine also elongates. The pharynx is 
then an excellent morphological and physiological landmark. 

Pieces which regulate in ether give very similar results. A 
series of postpharyngeal pieces after eighteen days in five-tenths 
per cent ether showed forms ranging from the type of fig. 12 to 
that of fig. 15. In the extreme type of fig. 15 anterior regenera- 
tion is limited to the extreme tip of the head region, otlier parts of 
the head being the result of redifferentiation. No auricles are visi- 
ble, only a single eye is present, there is no elongation and change 
in proportions and no pharynx is present. In such pieces no intes- 
tinal regulation occurs and no prepharyngeal axial intestine is 
formed from the union of the lateral postpharyngeal branches in 
the anterior region of the piece. When a pharynx appears the 
prepharyngeal axial intestine is always present, though it may be 
short. In cases like fig. 15 it is evident that practically all regu- 
lation except the redifferentiation of the head region has been 
inhibited by the ether. The fact that this can go on under con- 
ditions which stop all other regulatory processes is itself suggestive. 
Its bearing will be discussed later. 

If such pieces are returned to water extensive changes occur. 
During the first four or five days the head region enlarges and a 
pharynx appears near the anterior end of the piece (fig. 16), but 
the prepharyngeal region soon begins to elongate and becomes 
more slender as the activity of the head increases. After eight 
days in water the pieces resemble fig. 17. The postpharyngeal 
region is not yet under complete control and drags along behind 
the rest of the worm like a dead mass, except when the animal is 
very strongly stimulated. The prepharyngeal region, on the 
other hand, resembles that of the pieces in water. Incidentally 
it may be noted that when the piece develops only one median 
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Figs. 15-19 Postpharyngeal pieces showing the effect of ether and metabolic 
products on regulation. Fig. 15 regulation in ether 0,4%. Fig 16, four days in water 
after ether. Fig. 17, eight days in water after ether. Figs 18 and 19, regulation 
in water from planarian cultures. 

eye in alcohol or ether it usually develops two more m me normal 
position (fig. 17) after its return to water. 
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These cases of regulation in alcohol and ether show very clearly 
that when the formation of a head at the anterior end of a piece 
is retarded by external conditions the length of the prcpharyngeal 
region is decreased and the pharynx arises nearer the head: in 
extreme cases regulation is confined to the head region alone and 
neither pharynx nor prepharyngeal region appear. On returning 
these pieces to water we can see that the regulatory changes pro- 
ceed in the posterior direction. 

It is possible to alter the rate of formation and the size of the 
head and the position of the pharynx by various otlier means. 
For example CO 2 and other products of metabolism in the water 
in which the p*ieces are kept are very efficient factors in altering 
the course of regulation. The following series will serve as an 
example: 50 postpharyngeal pieces (hx, fig. 6) were placed in old 
culture water in which a stock of several hundred worms had been 
kept for nine days. Since this experiment was merely prelimi- 
nary, no attempt was made to determine whether the ('Oa or 
other substances were the more important factors in determining 
the results: more exact data will appear in a later paper. As 
a control 50 similar pieces were placed in fresh, well aerated 
water at the same temperature. The results in percentages, so 
far as they concern our present purpose, are as follows: 


In old culture water. 
In fresh water 


100 


100 


l»J{AHYN'Of.H 


48 

100 


The differences are evident at once. C'ertain features of the 
results however are not apparent from the table. In no case did 
a pharynx appear in a piece which did not form a head and some 
of the pieces which formed the smallest and most abnormal heads 
did not produce pharynges at all. In all cases where a head 
formed it was relatively small and was commonly teratophthalmic 
or teratomorphic and the pharynx when present was only a short 
distance posterior to it. Fig. 18 shows a characteristic piece from 
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this series and fig. 19 a more extreme case with single median eye, 
teratomorphic head and without a pharynx. 

Differences which are similar in character though less extreme 
may be obtained with different temperatures. At high tempera- 
tures postpharyngeal pieces produce large heads with normal eyes 
and relatively long prepharyngeal regions. At lower tempera- 
tures the heads are smaller and more frequently teratophthalmic 
and the prepharyngeal regions shorter, i.e., the pharynges are 
further anterior, 

As regards still other methods by which similar results may be 
obtained, further data will be presented at another time. 

The important point for present purposes is that in a piece 
from the original postpharyngeal region the rate of .development 
and the size of the head, the length of the new prepharyngeal region 
and consequejitly the position of the new pharynx all vary with the 
rate of the dynamic processes concerned with the formation of the 
new head and can he controlled experimentally. 

B. In pieces from the old prepharyngeal region. Internal con- 
ditions are very different in the pieces from the original pre- 
pharyngeal region from those existing in the postpharyngeal 
pieces. In prepharyngeal pieces the greater portion remains 
prepharyngeal in structure and function and only a short pos- 
terior portion becomes postpharyngeal. At the posterior end of 
the newly determined prepharyngeal region the new pharynx 
appears (fig. 20). Here then a prephar^mgeal region exists from, 
the beginning and it is merely a question as to how much of it 
shall become postpliaryngeal. 

A superficial consideration of this case might perhaps lead us 
to expect from analogy with postpharyngeal pieces that a decrease 
in the rate or intensity of the dynamic processes in the head region 
would result here also in a decrease in length of the new prepharyn- 
geal region or more strictly speaking in the determination of a 
shorter prepharyngeal region and the consequent localization of 
the pharynx more anteriorly. This result would occur if the head 
region alone were dominant over all other regions and these latter 
coordinate in character. But as a matter of fact each level'of the 
body is dominant in some degree over the levels posterior to it 
SQ far as they are within the effective distance. 
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It was shown in the preceding section that in the pieces from 
the original prepharyngeal region the formation or presence of a 
head is not necessary as it is in postpharyngeal pieces for the 
development of a new pharynx. The presence of any part of the 
original prepharyngeal or pharyngeal region is sufficient to deter- 
mine the formation of a new pharynx whether a head forms or 
not. In such pieces the localization of the new pharynx will 
depend on the length of the region which undergo<^s redilTeren- 
tiation to form the missing posterior regions, for the new pharynx 
appears on the boundary between the region which retains its 
original prepharyngeal character and that which becomes post- 
pharyngeal in character. Since the prepharyngeal region is 
dominant over regions posterior to it, pieces from the; i)re pharyn- 
geal region develop the new pharynx near their posterior ends 
(fig. 2) and the new postpharyngeal region is formed almost wholly 
by regeneration and remains short for a long time 'unless the 
animal is fed. But when w^e compare prepharyngeal picket's from 
different levels we find that as the level of the pieces approaches 
the level of the old pharynx, i.e., the posterior end of the prcr 
pharyngeal region, the degree of dominance of the anterior 
regions of the piece over its more posterior regions decreases, a 
fact that will appear more clearly later, and in the course of regu- 
lation the new^ postpharyngeal region becomes longer and the 
pharynx appears more anteriorly in the piece. 

In P. dorotocephala the degree of dominance of the prepharyn- 
geal over the postpharyngeal region is such that the formation of 
a new postpharyngeal region in a prepharyngeal piece occurs 
slowly, is limited to the extreme posterior region of the piece and 
is almost wholly a process of regeneration in the stricter sense. 
Consequently in all pieces from the prepharyngeal region the new 
pharynx arises at or very near the posterior end of the old tissue. 
As a matter of fact its level does differ somewhat according to the 
level of the piece. In pieces from the extreme anterior region of 
the body {ah, fig. 1 ) the new pharynx may appear in the posterior 
new tissue (fig. 20), i.e., in such cases not only the postpharyngeal 
region but the pharyngeal region also is the product of regenera- 
tion. As The level of the piece becomes more posterior the new 
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Figs. 20 and 21 pieces from difFcrent paits of the prepharyngeal region to show 
the position of the pharynx. Fig, 20, from the region immediately behind the old 
head. Fig. 21, from the region just anterior to the old pharynx. 


pharynx appears more anteriorly until at a level just anterior 
to the old pharynx the new pharynx appears in the old tissue 
somewhat interior to its posterior end (fig. 21). In P. maculata 
the corresponding differences in the level of the new pharynx 
are somewhat greater since the axial gradient in this species 
differs in certain fespects, as will appear later, but in both cases 
the principle involved is the same. 

In general these differences in the level at which the new 
pharynx appears in the prepharyngeal pieces are merely expres- 
sions of the different degrees of stability of different prepharyn- 
geal levels. The most anterior levels of the prepharyngeal region 
are more fixedly prepharyngeal than other levels and a new post- 
pharyngeal and pharyngeal region arise only from their most 
posterior parts. In fact, if we isolate very short pieces from just 
behind the old head they give rise in most cases under standard 
conditions, i.e., when taken from large well fed worms and 
allowed to regulate in well aerated water at a temperature of 20 
C., to Tailless heads^ (fig. 4) in which neither pharyngeal nor 
postpharyngeal regions are formed, the new tissue at the posterior 
end ofthe piece being limited to closure of the wound, while ante- 
rioily such pieces produce large heads. At more posterior levels 
the pharyngeal and postpharyngeal regions are formed and as 
the level of the piece in the original body becomes more and more 
posterior they become larger and the new head becomes smaller, 
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The question as to why a new postpharyngeal region should 
arise at all in such a piece was discussed in connection with the 
analysis of regulation in another form (Child, ’05). In that form, 
Cestoplana, almost no regeneration occurs posteriorly and the 
new postpharyngeal region arises from the old prepharyngcal re- 
gion by redifferentiation and its length differs at different levels in 
the same way as in Planaria. In my account of regulation in that 
form I called attention to the fact that the first visible change in 
the process ^of formation of a postpharyngeal region from a part 
of the original prepharyngeal region is not a change in structure 
but a change in function, in the motor reactions of the part. The 
visible structural changes follow this functional change and they 
occur, as I believe, in consequence of the altered dynamic condi- 
tions in this region of the piece. 

In Planaria, however, where the new postpharyngeal region is 
formed largely or wholly by regeneration conditions are somewhat 
different and we must consider the question as to why a new post- 
pharyngeal region should arise by regeneration at the posterior 
end of a prepharyngeal piece. 

In the first place a cut surface, a new terminal region, has been 
formed by the operation and that means that certain character- 
istic metabolic conditions and functional conditions in the stricter 
sense must exist or arise in the posterior region of the piece. 
These result first of all in dedifferentiation, i.e., loss of the old 
structural characteristics and renewed or accelerated growth of 
the cells near the wound. In this way a small region of more or 
less ^embryonic^ tissue is formed. The later fate of this tissue 
depends mainly upon its correlation wdth parts anterior to it, 
for if the law of the dominance of anterior over posterior levels 
holds good in this case, and I shall show later that it does, this 
region is subordinate to the regions anterior to it and the course 
of its development is determined chiefly by those more anterior 
regions. The correlative factors to which this region is subjected 
are essentially similar to those to which the old postpharyngeal 
region was subjected and it develops into a postpharyngeal region 
in consequence of the influence upon it of these factors. The rate 
of metabolism of the dedifferentiated cells which form the starting 
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point of regeneration is accelerated by the process of dedifferentia- 
tion which is essentially a process of rejuvenescence (Child, ’lie) 
and in consequence of this acceleration of metabolism these cells 
are able to grow and divide for a time at the expense of the regions 
anterior to them. This growth continues until in the course of 
redifferentiation the cells again grow physiologically older and 
their rate of metabolism decreases to such an extent that they can 
no longer grow at the expense of more anterior regions and there 
regeneration ceases unless the piece contains an excess of nutri- 
tive material. In short the conditions which determine the regen- 
eration of a postpharyngeal region in a prepharyngeal piece are: 
first, the dedifferentiation of the cells in reaction to the wound 
and the resulting increase in capacity for metabolism and growth; 
second the correlative factors to which they are subjected in con- 
sequence of their physiological continuity with more anterior 
regions and which determine that grdwth and redifferentiation 
shall actually occur. In consequence of all these conditions a 
new postpharyngeal region arises at the posterior end of the pre- 
pharyngeal piece, while other parts of the piece remain almost 
unchanged structurally and functionally. The growth of the 
postpharyngeal region after its determination as such is then 
essentially a process of Tunctionar growth and the final cessation 
of growth is the result of an equilibration in the rate of metabo- 
lism between the new part and the old. 

The occurrence of tailless heads^ in very short pieces from 
extreme anterior regions, in other words, the failure of such pieces 
to form pharyngeal and postpharyngeal regions depends upon the 
fact which will be demonstrated later that a higher rate of me- 
tabolism is concerned in the formation of a head than in that of a 
posterior part: in these short pieces the posterior regions do not 
form because the process of head formation with its higher rate 
of reaction uses up the available material so rapidly and to such 
an extent that the formation of a posterior end is inhibited or 
rather prevented. With the aid of proper experimental condi- 
tions it is possible to produce tailless heads in longer pieces as well 
as in pieces from other regions of the body. In Planmda the 
dominant morphogenic reaction, i.e., the morphogenic process 
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with the highest rate of metabolism is that of head formation, 
just as in Tubularia the dominant morphogenic reaction is that of 
jiydranth formation— moreover, in Tubularia the distal Inalranth 
regions are dominant over the proximal and whenever this domi- 
nant reaction begins in a piece the other reactions are controlled 
by it and if the amount of material available as a source of energy 
is insufficient the subordinate reactions are decreased or completely 
inhibited. In short pieces of the Tubularia stem, particularly in 
those from the more distal regions, the product of regulation is 
more and more exclusively distal in character, the shorter the 
piece. Similarly in the anterior regions of Planaria the pr(uluct 
of regulation becomes more and more exclusively anterior as the 
length of the piece decreases. Certain apparent exceptions to 
this law, e.g,, the formation of headless piec('s and biaxial heter- 
omorphic’ tails in Planaria and other forms wdll be considered 
later and will be shown to be only apparent exceptions. 

The origin of a new dominant part like the head from any sub- 
ordinate part, i.e., any region posterior to the head is a proldem 
of somewhat different nature and one w'hich has not been consid- 
ered in any of the attempts at analysis of the process of form regu- 
lation which have been made, because the dominance of this 
region has not heretofore been recognized. My experiments 
have led me to the conclusion that the formation of the head in 
Planaria, the hydranth in Tubularia, etc., are in no sense restora- 
tions of missing parts, restitutions or anything of that kind, but 
rather that the new head or the new distal region as the starting 
point of a new individual arises from the mass of old tissue in a 
manner closely, comparable to The formation of a new bud from 
differentiated tissue in a plant The new individual, which is 
at first merely a bead, lives at the expense of the old parts and at 
the same time makes them over into parts of a new w^orm or uses 
the energy which it obtains through their destruction in the 
development of new parts. The new individual simply forms 
and grows head first out of the old mass. In Planaria the position 
of the new head commonly shows a definite relation to the old 
axis, though this is not always the case, but in various coelenter- 
ates, e.g., Corymorpha (Child, ’11a, pp. 112-119) and Harcnactis 
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(Child, '09, '11a) the new axes may arise ^adventitiously,’ In 
other words, if the original axial gradient is sufficiently obliterated 
or if external conditions are sufficiently powerful to overcome its 
influence new gradients, i.e., new axes may arise without definite 
relation to it. 


CONCLUSION i\ND SUMMARY 

Although the consideration of the question as to the nature of 
the dominance of anterior over posterior regions in Planaria must 
be deferred until further facts have been presented, we may at 
this time consider briefly the significance of such dominance. 

The dominance of one region over another is of course relative 
rather than absolute. To say tliat a given region is dominant over 
others means merely that it influences and determines the prcc- 
esses and conditions in them to a greater extent than it is influ- 
enced by tliem. This, as will appear in later papers of this series, 
is the case in Planaria. 

In the present paper certain of the facts of regulation in Planaria 
have been presented which indicate that the head region controls 
and determines the development of regions posterior to it to a 
very large extent and that each level of the body is to a certain 
extent dominant over more posterior levels. This, however, is 
only the first step in the presentation of evidence. 

If the head region of Planaria and the distal region of Tubularia 
and various other forms are dominant over other regions as I 
have maintained, it follows that these regions develop more 
independently than any other part of the body. The formation of 
the head in Planaria, of the distal region in Tubularia, is the most 
fundamental, the most characteristic morphogenio reaction of 
the protoplasm of those species. Other reactions depend upon 
this' to a much greater extent than it depends upon them. In 
general the first morphogenic regulatory change in an isolated 
mass of planarian or tubularian protoplasm is the formation of a 
head or a distal region or the initiation of this process. This 
fact will become more and more apparent as further experimental 
data are presented. As we know from numerous experiments, 
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many isolated pieces of the planarian body appear to be incapable 
of producing heads. In such pieces I have been able to induce 
head formation experimentally by simply subjecting them to 
conditions which increase the rate of metabolism (Child, ’lid) and 
can demonstrate that in these pieces the absence of the head 
under the usual conditions is due, not to absence of the necessary 
‘organization' or to lack of certain ^formative substances' or 
anything of that character, but merely to an insufficiently high 
rate of metabolism in the region concerned. By increasing the 
rate sufficiently in any way l^eads appear on pieces which wmld 
not otherwise produce them. By altering the conditions in the 
opposite direction it is also possible to induce the formation of 
teratophthalmic in place of normal heads or to inhibit head for- 
matian completely. 

But little attention has been paid to the matter of rate of reac- 
tion as. a factor in ontogenetic and regulatory morphogenesis. 
When pieces fail to regenerate certain parts ithas usually been taken 
for granted that the necessary ^organization' is lacking. This, 
however, is by no means always the case. The formation of a 
new whole from a piece or the failure to form such a whole, as 
well as the character of the whole formed, e.g., normal, teratoph- 
thalmic and teratomorphic wholes in Planaria may be the result 
of differences which are fundamentally purely quantitative rather 
than qualitative in -nature. Undoubtedly differences in organiza- 
tion do exist and do play a part in many cases, but they are cer- 
tainly not the only nor the chief factorse^n many other cases. 

In the absence of the head region the most anterior regions 
present are dominant over more posterior regions within a cer- 
tain distance and to a certain degree. In general we find that 
wliile any region is a very important factor in determining what 
shall go on in regions posterior to it, it has but little influence, 
though it can be shown to possess a certain amount, in determin- 
ing what* goes on in regions anterior to it. The morphological 
characteristics of Planaria are determined chiefly by the correla- 
tive influence of more anterior upon more posterior regions. 

It is evident that this point of view gives a very different con- 
ception from that generally held of the process of formation of a 



212 


C. M. CHILD 


new whole from a piece of a planarian body. Instead of being 
a process which shows almost infinite possibilities of adjustment 
to the conditions existing in a particular case, it is essentially 
one and the same reaction in all cases. In pieces where the head 
is present the posterior parts arise in consequence of correlation 
with more anterior parts. Where the head is absent a new head 
arises from the region involved in reaction to the wound, provided 
merely that the rate of reaction in this region becomes.sufficiently 
rapid. When the process of head formation attains a certain 
stage the new head region begins tq dominate the rest of the piece 
and makes it over according to certain definite and unchanging 
laws. All that is necessary for the formation, of a planarian is 
first a cell or a group of cells capable of initiating a characteristic 
serie;j of reactions which result in what call a head and second 
an excess of nutritive material as a source of energy for growth. 

To put the matter in still another form, it is not too much to 
say that the capacity for head formation is all that exists in the 
planarian egg, all that is inherited. Given this, together with an 
excess of nutritive material, which in the case of Planaria exists 
in the yolk cells and the characteristic form of Planaria must 
result. 

And this brings us to the question as to how far similar relations 
obtain in regulatory and the ontogenetic development of other 
forms. At present I desire only to call attention to certain 
points in this connection. TubuIaHa and Corymorpha are essen-. 
tially similar to Planaria as regards the axial gradient. . In the 
first place it has been shown by various investigators that if a 
tubularian stem is cut into a series of pieces of equal length the 
oral hydranth develops most rapidly and is largest in the most 
distal piece and its size and rate of development decrease with 
each successive piece from the distal end proximaliy. These 
differences are similar in character to the differences in head forma- 
tion at different levels of the first zobid in Planaria. 

Secondly, as regards the dominance of distal over proximal 
regions Tubularia likewise resembles Planaria. In asexual repro- 
duction in nature the factor of distance is apparent, i.e., the tip 
of the stolon gives rise to a new hydranth when it has reached a 



STUDIES ON THE DYNAMICS OF MORPHOGENESIS 213 


certain distance, varying with conditions, from the original distal 
region and has become to some extent physiologically isolated 
from the latter (Child, ^lla, pp. 95-96, 101-112). When pieces 
are cut from the stem only vigorous pieces give rise to stolons at 
their proximal ends (Child, ^07) and as the piece becomes less and 
less vigorous the terminal region of the stolon, or the proximal 
end of the stem if a stolon was not formed, lecomes physiologically 
isolated from the dominant distal region and gives rise to a hy- 
dranth. Axial heteromorphosis in long pieces of the stem is 
merely the result of physiological isolation of the proximal region 
of the piece in consequence of increasing weakness, i.e., decreasing 
rate of metabolism and therefore decrease in length of the stem over 
which the distal region is dominant (Child, ’11a, pp. 101-112). 

Furthermore, as the length of the piece cut from the stem 
of Tubularia decreases the parts to which -the piece gives 
rise become more and more exclusively distal: the longer pieces 
produce hydranths and stems, somewhat shorter produce hy- 
dranths alone, still shorter only manubrium and distal tentacles 
and so on, until finally the shortest pieces give rise only to the 
distal region of the manubrium with the distal tentacles (Child, 
’07). These facts demonstrate that the distal region is able to 
form without correlation with other parts, but the more pi’oximal 
regions have never been seen to arise except in connection with 
considerable regions distal to them. 

Corymorpha is essentially similar to Tubularia in all these 
respects except that it does not reproduce asexually by transfor- 
mation of the end of the stolon into a hydranth. This difference 
is probably due to the fact that the proximal region of the stem of 
Corymorpha is a much more highly specialized region than in 
Tubularia. So far as data are available, the relations seem to be 
similar in many if not in all other hydroids. 

Rand (11) has recently stated that in Hydra the peristome 
region controls morphogenesis and I have found in Cerianthus and 
Harenactis an axial gradient of the same character as in Tubularia 
and Planaria and in these forms also the peristome region appears 
to be dominant in regulation. The distance factor is more diffi- 
cult" tp demonstrate in these actinians since the rate of metabolism 
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at the proximal end is so low that reproduction does not occur 
under ordinary conditions even when these regions are physically 
isolated. 

As regards plants, it is a well-known fact that in at least most 
forms the apical region of the axis is to a very large extent domi- 
nant over more proximal regions and I have endeavored to show 
(Child, '11a) that the factor of distance is in many cases a factor 
of great importance in reproduction in plants as well as in animals. 

These facts as well as many others which might be cited show 
very clearly that an axial gradient exists in a large number of 
organisms and that in many cases at least the apical or anterior 
region is dominant in regulation. 

Turning now to normal ontogeny, we find that in most if not 
in all animals the visible phenomena of development-begin in the 
region of the so-called animal pole of the egg and that this region 
in most if not in all cases becomes the anterior, distal or apical 
region of the resulting organism. I believe that these facts in 
themselves are highly suggestive when taken in connection with 
the facts concerning the dominance of the distal and anterior 
regions in the regulation of various forms. In fact it seems prob- 
able that dominance of anterior or distal over posterior or proxi- 
mal regions is a very general law of organic development, not only 
in animals but in plants as well. A more extended consideration 
of this question will be undertaken elsewhere. 

Critics of such a conclusion will at once cite those cases in which 
different parts of the developing egg appear to be aimost'^ wholly 
independent of each other, e.g., the annelid and mollusk and the 
amphibian. It seems at least probable that in such cases the 
characteristics of the different parts once determined through 
correlation at a very early stage are stable to a high degree and do 
not change when the parts are isolated. Even in such cases the 
^ animal' region of the egg may be. dominant over other regions 
at some stage in the history of the egg. The experiments of 
recent years on the ncmertcan egg afford strong evidence in favor 
of the view that independence of parts in later stages is preceded 
by a condition in which at least certain parts are determined correl- 
aiively. According to this view the eggs which show the extreme 
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mosaic ^iype of development are merely cases of early differentia- 
tion or of absence of regulatory capacity duo to one cause or 
another, rather than a type of constitution fiuidainentally dif- 
ferent from the extreme correlative typo. 

In regulatory reproduction we find all stages between the two 
extremes. For example, in Planaria simplicissima the first fonna- 
tion of the tail region depends as in P. dorotocephala ui)on 
connection with more anterior regions, but when it is once formed 
this region is more definitely determined as a tail region than in 
P. dorotocephala and when isolated often gives rise, asM(jrgan 
first observed (Morgan, ’04), to a tail at its anterior end. Some- 
what similar conditions exist in the earthworm, except that there' 
the Hail region’ includes the greater part of the body lengtli. 

In Stenostomum, on the other hand, posterior regions remain 
posterior in structure only so long as they are under the complete 
control of the dominant head region. When this control decreases 
below a certain limit, either in consequence of increase in length 
of the animal or other conditions (Child, ’11a) a new head begins 
to develop in the posterior region of the body, even though organic 
continuity with the original head region is not interrupted. 

It seems probable then that we shall find in ontogenetic as well 
as in regulatory development that anterior or distal regions are 
very generally dominant over posterior or proximal regions, at 
least at some stage, and that the egg as well as the piece capable, 
of regulation represents primarily the anterior or distal region, 
together with an excess of nutritive material or some means of 
obtaining such an excess as a source of energy for growth. 

The most important facts of the paper and the conclusions to 
which they point may be summarized as follows : 

1. As was shown in the first paper of this series, the most 
important regional differences in the course of regulation in pieces 
of Planaria taken in sequence along the axis from the anterior 
end posteriorly consist first, of decrease in the size of the head, the 
rate of its formation and the frequency of normal eyes; second, of 
decrease in the length of the prepharyngeal region and therefore 
the formation of the pharynx at a more anterior level of the piece. 
These differences indicate the existence of an axial gradient of 
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some kind and their character suggests that this gradient cdliceriis, 
at least in part, the rate or intensity of certain processes along the 
axis. 

2. A head or prepharyngeal region is capable of growing or of 
maintaining itself at the expense of more posterior regions in the 
absence of other food to a much greater extent than posterior 
regions ca*n grow or maintain themselves at the expense of more 
anterior regions; These facts also suggest differences in the rate 
or intensity of certain processes at different levels. 

3. In pieces of Planaria dorotocephala which contain a part of 
the original prepharyngeal or pharyngeal region and in which the 
old pharynx is not present or does not persist, a new pharynx 
develops whether a new or old head is present or not. In pieces 
from the postpharyngeal region, on the other hand, a new pharynx 
or a new prepharyngeal region never forms unless a head region 
begins to form first. 

In general no piece of the planarian body is capable of giving 
rise to structures belonging to levels anterior to that which the 
piece originally occupied in the body, unless the formation of a 
head or the first stages of this process occur first. But a piece 
can give rise to parts characteristic of levels posterior to that which 
it originally occupied, whether a head region is present or not. 

4. The formation of a head at the anterior end of a piece may 
be retarded or inhibited by various agents and conditions, e.g., 
alcohol, ether and other anesthetics, CO 2 and other products of 
metabolism, KCN and even by low temperature and insufficient 
nutrition. In all pieces from the postpharyngeal region of the 
body in which the formation of a head is thus retarded the length 
of the new prepharyngeal region is less than in pieces under the 
usual conditions and the pharynx appears nearer the head. When 
the depressing agents or conditions are used in higher concentra- 
tion or intensity so as to. produce the more extreme effects, or 
when the animals are in such physiological condition as to be more 
sensitive to their effects, the regulatory changes may be limited to 
the early stages of head formation, all regulatory changes being 
completely inhibited in regions posterior to the head. The fact 
that the regulatory processes concerned in head formation are 
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able t# go under conditions which completely inhibit all other 
luorphogenic regulatory processes is of great importance. It 
constitutes very strong evidence in support of the conclusion that 
regulation at the anterior end of a piece is initiated by the process 
of head formation or by the beginning of this process. 

In general we find that in pieces from the original postpharyngeal 
region the size of the head the length of the neio prepharyngeal region 
and in extreme cases its presence or absence, and consequently the 
fjosition or presence or absence of the pharynx are all very closely 
correlated with the rate of the dynamic processes or certain of them 
which are concerned in head for^naiion. 

5. In pieces from the original prepharyngeal region a new ]3asl- 
pharyngeal region develops much more slowly, is much short (‘r 
and is to a much larger extent a product of regeneration in the 
stricter sense than is a new^ prepharyngeal region developing in 
a postpharyngeal piece. The ne^v pharynx ip pieces from the pre- 
pharyngeal region appears near the posterior end of the old tissue. 
Only w'hen excess of nutrition is present docs the new post])haryn- 
geal region grow to the proportions characteristic of animals in 
nature. 

6. The facts point to the conclusion that the regulatory foi- 
ination and development of the head in Planaria, as well as the 
hydranth in Tubularia and the anterior or distal regions of various 
other forms are not in any sense a restoration of missing parts, a 
‘restitution’ a return to a condition of wholeness or anything of 
that sort. Such a process consists rather in the formation 
of a new individual, beginning with the head or distal region : this 
new" individual simply growls out of the mass of old tissue head first 
and as it growls either uses the old tissue as a source of energy or 
brings about its rediffereritiation until the dynamic equilibrium 
characteristic of the specific system and the existing conditions is 
attained. The regulatory changes at the anterior end in such 
cases begin in the region of the developing head and proceed pos- 
teriorly. By means of external factors w"e can determine the 
distance from the new head to w’hich they shall proceed and Where 
fhey shall produce certain results. 
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7. Attention is called to the fact that this dominance of alN^rior 
or distal over posterior or proximal parts is similar in character 
to the relations between parts which exist in most if not in all 
plants. The regulatory formation of a new head in Planaria or 
of a new hydranth in Tubularia or Corymorpha, together with 
the effects of such a process on other parts is not essentially 
different in character from the formation of a new apical cell or 
vegetative tip in a plant and the resulting development of the 
new axis. In the plant, however, the new dominant region is in 
most cases unable to bring about to so great an extent as occurs in 
many animals the redifferentiation of masses of old tissue adjoining 
it, consequently the new plant axis remains short and small 
except when excess of nutrition is present. A considerable degree 
of redifferentiation of the old tissue under the influence of the 
new vegetative tip does occur, however, in many cases. 

If my conclusions are correct the processes of form regulation 
in the animal and in the plant follow the same law and this law 
finds a general expression in the statement that any given region 
along the axis in which dynamic processes are occurring dominates 
more or less completely regions proximal or posterior to it and is 
dominated by regions anterior to it. 

8. The very general if not universal formation of the distal or 
anterior region of the organism from the animal pole of the egg or 
from some region near it and the fact that many larvae consist 
essentially of only the most anterior regions of the body, together, 
with the fact that it is the animal pole which initiates ontogenetic 
development in those cases where a difference in time along the 
axis can be observed in the earliest stages, and finally the very 
general progression of morphogenesis in the posterior direction, 
all these facts as well as many others suggest that the dominance 
of anterior or distal over posterior or proximal regions is a Very 
general law of organic life. When we review the facts now at 
hand it appears probable that all organisms, except perhaps the 
simplest, are fundamentally systems of this character. More- 
over, such a conception affords a most satisfactory and logical 
basis for a physico-chemical theory of development. Undoubt- 
edly in many cases secondary isolations of parts occur, new correl- 
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ative factors arise and many other conditions combine to alter the 
original condition. Btit even in the adult organism the funda- 
mental fact appears in the dominance of the apical region of the 
plant and in the functional dominance of the head region in 
animals. 

9. It follows further, if the above conclusions are corre(‘t that 
in all cases where development is of this type the process of inher- 
itance concerns primarily the anterior or distal regions. An iso- 
lated mass of protoplasm of a given species which is capable of 
continued existence and synthesis, no matter whether it is a mass 
of cells from the soma or an egg, represents primarily the domi- 
nant distal or anterior region, i.e., its specific type of reaction 
results always the formation of this region and then if excess of 
nutritive material is present or obtainable so that growth may 
occur other parts arise in consequence of growth and j)f the correl- 
ative influence of the dominant region. In such cases the repro- 
ductive element, whether germ cell, somatic cell or mass of cells 
may represent merely a single specific reaction compk^x from which 
others arise as continued metabolism brings about th(' establish- 
ment of certain characteristic internal and external conditions. 

So far as the formation of new distal or anterior regions is con- 
cerned, the process of form regulation in such cases consist s essen- 
tially first in the return or approach of somatic cells or cell masses 
to the specific type of reaction in conse{|uenee of isolation from a 
dominant part which had previously determined some modifica- 
tion of this type of reaction in these cells, second of the formation 
of a new dominant region in consequence of this change, and finally 
of the development of subordinate parts under the control of the 
new dominant region so far as material or energy is available for 
such development. 

In cases where only the formation of proximal or posterior parts 
is concerned form regulation consists first in the local reaction of 
cells to the absence of other parts, i.e., to altered correlative con- 
ditions, and second in the renewed growth and differentiation of 
such cells under the influence of more distal or anterior regions 
which dominate them. 
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Experimental data which throw light upon the problem of the 
nature of the dominance of certain, regions over others will be 
presented in a later paper. 
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In an earlier paper (Child, ’10) the relation between the act of 
fission and physiological isolation in Planaria was considered and 
it was shown that the process of fission may be controlled experi- 
mentally in various ways. The present paper is devoted to the 
question of the origin of new- zooids, their fate under various 
conditions and the role which the factor of distance from the 
dominant region plays in determining their formation. A brief 
account of the formation of new^ zooids in Stenostomum is added 
to show that the process in this form follows the same general 
laws as in Planaria. 
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The purpose of the present paper is to show that the formation 
of new zooids at the posterior end of the body in Hanaria and 
related forms is essentially a process of regulation, resulting from 
the physiological isolation of the region concerned . from the 
dominant region in much the same manner as development of a 
new whole results from the physical isolation of a piece of the 
planarian body. 

1. TIIK ORIGIN OF NEW ZOOIDS IN NATURE 

The facts which indicate the presence of one or more zooids in 
the posterior region of Planaria dorotocephala have been discussed 
in the first paper of this series (Child, ’11b) and elsewhere (Child, 
’10). Up to the present time I have not had opportunity to 
examine newly hatched individuals of P, dorotocephala, but in 
P. maculata immediately after hatching, or in animals removed 
from the egg capsule by artificial means just before hatching I 
have been unable to discover any evidence that the second zooid 
is present. The usual method employed to determine the pres- 
ence of one or more zooids in the posterior region is the separation 
of this region into a series of short pieces ; the pieces which repre- 
sent the anterior region of a zooid or levels just anterior to it 
show a greater capacity to form heads than those pieces which 



/ 


Pigs. 1 and 2 ■ Fig. 1, newly hatched Planaria maculata. Fig. 2, Posterior half of 
newly hatched worm, which remains headless when isolated. 

represent other regions. In the newly hatched worms the post- 
pharyngeal region is much shorter than the prepharyngeal (fig. 
1) and even the whole posterior half of the body, including the 
pharyngeal region usually remains headless when isolated (fig. 2), 
i.e., it resembles the posterior region of the first zooid in larger 
animals. 
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At the stage just after hatching the animals are about 2 min. 
in length but growth is rapid at ordinary temperatures and they 
attain a length of 4 or 5 mm. in two or three days. By the time 
they have reached this stage the second zooid is clearly present 
as is shown by the fact that the capacity of pieces to foimi heads 
increases suddenly a short distance posterior to the pharynx. 
Moreoverj it is possible to induce fission experimentally in animals 
not much over 5 mm. in length (Child, '10). 

It is evident from these facts that the second zooid arises in the 
posterior region of the body during the course of development. 
After its formation it continues to grow more rapidly than the 
first zooid and its own posterior region may give rise to other 
zooids. The second zooid consists essentially in a more or less 
definitely localized region of increased capacity of head formation 
and posterior to this a gradient resembling the axial gradient in the 
first zooid (Child, Tib). In other words, it represents the first 
stage in the formation of a nevr dominant region like the head of 
the whole. 

If my conclusions concerning the r61e of physiological isolation 
in reproduction (Child, Tla) are correct, the origin of the second 
zooid in Planaria may readily be conceived as the result of physio- 
logical isolation of the region concerned from the dominant head 
region. In consequence of such isolation the piece begins to 
develop into a new individual with its own dominant anterior 
region. Development is not complete so long as organic con- 
tinuity with more anterior parts persists because the isolation is 
not complete. If the formation of the second zooid actually 
occurs in this manner then it should be possible to induce or in- 
hibit the formation of a second zooid experimentally by altering 
the degree of physiological isolation of the posterior region of 
pieces. That this may be accomplished is shown in the following 
section. 

2 THE FORMATION OF A SECOND ZOOID UNDER EXPERIMENTAL 
CONDITIONS 

If we isolate the anterior end of a worm including the old head, 
e*g., the region anterior to the level a in fig. 3, regulation occurs 



324 


C. iM. CHILD 


in the manner indicated in figs. 4 and 6. A short postpharyngeal 
region is formed but its growth is slow unless the animal is fed. 
If we now isolate the posterior half or two-thirds of this new poi^t- 
pharyngeal region we find it incapable of producing a new head. 
When the whole postpharyngeal region of such pieces is isolated 
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Figs. 3-6 Fig. 3, diagram •showing levels of section. Figs. 4 and 6, different 
stages of ^interior pieces with large heads. When their posterior regions are iso- 
lated they remain headless as in fig. h. 


it usually gives rise to a head, but the region where we should 
expect to find the anterior end of the second zooid if it is present 
shows no indication of increased capacity for head formation. 
By way of illustration the records of a series of this sort are given. 
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The anterior regions including the old heads of sixty well fed 
worms 16 to 18 mm. in length were cut off at the level a in lig. 3 
•uid allowed to regulate for ten days at a temperature of 20"’. At 
ihe end of this time they had reached the stage of tig. 4 and at 
this stage a second operation was performed to obtain the new 
posterior ends. The attempt was made to cut the ]iosterior ends 
from twenty of the pieces at the level indicated by tiu* line h in 
fig. 4. This operation is not easy since these pieces move with 
considerable rapidity and the new posterior end is still short. 
Examination of each of the twenty pieces after cutting showed that 
fifteen of them had been cut approximately at the level a in fig. 

4 or even further anteriorly. This could be determined without 
difficulty because such pieces showed a region of the old pigmented 
tissue at their anterior ends. The remaining five pieces contained 
nothing but the new unpigmented tissue. The results are as fol- 
lows; 

heads HKADEKSa DEAD 

Twenty pieces 14 (longer) 5 (shorter) 1 

The five headless pieces (fig. 5) arc really the only pari of the 
series which represetits successful operations for they arc the 
pieces which correspond to the resioii where the second zooid 
would be if it were present. 

The remaining forty of the original ])ieces were left for seven 
days more, seventeen days in all after the operation. At the en 
of that period they had reached the stage of fig. ti. h rom )hese 
also the posterior’ ends were removed for comparison with the 
first, in order to determine whether a second zodid had arisen 
during the later stages of regulation. Tlie results of this second 
operation were as follows: 


Nineteen pieces ^ fi (longer) 7 (shorter) 
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The nineteen pieces include all in which the cut was made any- 
where the ‘desired level. Among these thirteen were cut at or 
near the level h in fig. 6 while the others were cut at the level a 
or anterior to it. Of the thirteen pieces cut at h six died and six 
remained headless. The pieces that died lived for several days 
after the operation and showed no signs before death of head for- 
mation. These pieces then behave like pieces that are physiologi- 
cally as well as morphologically posterior: they resemble pieces 
from the posterior region of the first zobid in larger worms; such 
pieces always remain headless unless they are of considerable 
length. 

Pieces of the same length as those in this series^ or even those 
of half that length from the posterior ends of worms in which 
the formation of new zobids has occurred will give 100 per cent or 
nearly of normal heads. 

This series seems then to indicate that in short pieces from the 
anterior end and possessing the old head the second zooid does 
not form, even though such pieces are longer, in the present case 
7 to 8 mm., than the shortest normal worms in which the second 
zobid can be distinguished (5 mm.). In these anterior pieces the 
posterior region is physiologically as well as morphologically a 
posterior end and not a second zobid. 

But if we feed such pieces so that growth occurs the second zooid 
appears sooner or later, as might be expected. 

In these anterior pieces the regulatory development of .the new. 
postpharyngeal region occurs under conditions different from those 
which exist in normal development, i.e., it develops at only a short 
distance from a head which represents a much more advanced 
stage of development. The obvious inference from the facts is 
that the new postpharyngeal region does not give rise to a new 
zobid under these conditions, simply because it is too completely 
subordinated to the head region with which it is connected: 
physiological isolation of this region does not attain the stage 
where formation of a new zooid is possible until or unless the pieces 
attain a considerably greater length. 

Taken by themselves, these and similar experiments are open 
to various objections. The possibility that the posterior pieces 
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‘ too smair or that they are not sufficiently advanced in deveh 
opinent to be able to undergo regulation when isolated cannot 
1)0 ignored. It is necessary therefore to compare the posterior 
ends of such anterior pieces possessing large and active heads with 
the posterior ends of headless pieces. 
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Figs. 7A2 Fig. 7, a headless piece. Its posterior end when isolaterl at a, h, 
or c produces a normal animal. Fig. S, hftadles.s piece with ])osterior zooid.s indi- 
cated. Figs. 9 and 10, anophthalmic pieces: their posterior ond.s when isolated at 
or c, fig. 0, produce normal wholes. Fig. 11 shows the small size of posterior 
outgrowth in pieces which form a head. Fig. 12, teratomorphic piece: posterior 
outgrowth intermediate in size between that of headless pieces and pieces with 
heads. 

One noticeable characteristic of headless pieces in general under 
natural conditions is the large amount of new tissue which develops 
at the posterior end (fig. 7). Frequently this posterior new tissue 



228 


c. ar. CHILD 


becomes equal in length to the old tissue of the piece (fig. 8) and 
in consequence of the inactivity of these pieces the posterior end 
is always broad and blunt instead of slender and tapering as in 
pieces with heads. 

If such pieces arc kept at a temperature of 20° C. or lower they 
show comparatively little ‘spontaneous’ motor activity and it is 
often rather difficult to stimulate them to locomotion. But 
even under such conditions headless pieces undergo fission more 
or less frequently. At a temperature of 25°, however, they are 
much more active and very often divide. Division occurs approxi- 
mately at one of the two levels indicated by the dotted lines 
a and h in fig. 8. In case fission occurs at b a second fission often 
occurs a few da^^s later, indicating that the posterior region of 
these pieces consists of at least two zooids. In case the fission 
occurs at a a second fission does not occur unless the pieces are 
fed and grow (see Section III below). 

Fission of these pieces can also be induced in many cases by 
mechanical stimulation. In consequence of such stimulation 
locomotion takes place and an independent motor reaction of the 
posterior region is very likely to occur. 

In all cases of fission of headless pieces the posterior product of 
fission develops rapidly into a normal whole. 

It is evident from these facts that the posterior regions of head- 
less pieces are nut physiologically posterior ends but rather new 
zooids. Since, as I showed in an earlier paper (Child, ’10), the 
act of fission is the result of an independent motor reaction of the 
two zooids concerned, the second attaching itself to the substra- 
tum while the first advances, fission can occur in these headless 
pieces only when their motor activity is sufficient to accomplish 
the rupture of the tissues. 

The anophthalmic pieces (Child, ’lid) resemble the headless 
pieces as regards their posterior ends (figs. 9 and 10) . Fission often 
occurs in them as well as in the headless pieces. 

All of these facts show very clearly that in the anophthalmic 
and headless pieces the slight development or the complete absence 
of the head region permits the very early physiological isolation of 
the posterior end and one or more new zooids develop early in the 
course of regulation. 
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On the other hand, pieces of the same length and from the 
same region of the body as the headless and anophthalmie piec(‘s, 
but which develop normal or teratophthalmic heatls, show imuh 
less new tissue at the posterior end (fig. 11) and very rarely 
undergo fission unless they are fed and increase in hmgtli occurs. 
In these pieces a very short second zooid may sometimes arise 
at the posterior end without feeding, but the degree of physiological 
isolation is insufficient to permit the occurrence of fission except, 
as above stated, when such pieces are fed and grow. 

In most of the series of experiments which bear upon this 
point the pieces were taken from the middle region of the body. 
A large number of my experimental series consist of fift}' i)leees 
each of the regions 1, 2: 2, 3: 3, 4 in fig. 3. These three sets of 
pieces are designated A, B and C. When well fed worms are used 
and when regulation occurs at a temperature of 20° or above in 
sufficiently aerated water all of the A pieces produce heads and 
show no fission, but in the B and C pieces the anophthalmie 
types are of frequent occurrence and it is among these that the 
fissions occur. The data for a few series will serve for ]mr[)()ses 
of illustration. 

In these series the pieces were taken from worms 15 to 18 mm. 
in length which had received all the food they would take for at 
least a week before section. Each set of B or C pieces was fifty 
in number. The table shows the results of regulation and the 
frequency of fissions for these pieces in percentages. 
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In all of these series every case of fission occurred in either the 
anophthalmic or the headless pieces. In the three series together 
there 'were sixty-three anophthalmic and headless pieces among 
the B pieces and of these five underwent fission, he., about 8 
per cent. The anophthalmic and headless pieces among the C 
pieces were one hundred and fourteen in number and of these 
twenty- nine, about 25 per cent, underwent fission. This is a 
fair sample of my results at temperatures of about 20®. My 
rc^cords include more than two thousand of these B and C pieces 
and among these more than 95 per cent of the fissions which 
occurred took place in anophthalmic and headless pieces. 

It is of some interest to note that fissions occur more frequen% 
in the C than in the B pieces. The C pieces represent a more pos- 
terior region of the original body than the B pieces and in general 
show a much lower frequency of head formation. Tf the forma- 
tion and separation of the posterior zodid is the result of physio- 
logical isolation we may expect to find it occurring more frequently 
in the C than in the B pieces because the latter possess in general 
less capacity to form heads at their anterior ends. 

But instead of waiting for fission to occur in the normal manner 
we may examine the capacity of the posterior ends of headless and 
anophthalmic pieces for head formation by observing the regula- 
tion of pieces cut from them at various levels. This experiment, 
which I have repeated many times, shows that such pieces produce 
normal wholes in practically every case. The result is the same 
whether the cuts are made at the levehs a, h, or c as indicated in 
figs. 7 and 9. In fact it is difficult to cut from the posterior end 
of such pieces a piece so small that it will not produce a normal 
whole. Moreover, if the region posterior to the level a in fig. 7 
and 9, i.e., about the anterior end of the second zodid is cut into a 
series of very short pieces a sudden increase in the capacity to form 
heads appears in its posterior region, indicating that, as in most 
cases the posterior region of the second zodid has undergone fur- 
ther physiological isolation and represents one or more additional 
zodids. 

When we contrast the behavior of the posterior regions of these 
headless and anophthalmic pieces with that of the posteriorregions 
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of the anterior pieces with large heads described above, the differ- 
eace is sufficiently evident to require no comment. I i^elievc that 
these experiments justify the conclusion that the more adranml or 
the more rapid the dev€lop7n€nt of the head in any pieec of giren length 
the less frequent is the formation of a neiv zooid ni iU posterior end 
ami vice versa, 

Moreover, this difference is not closely connected with the 
amount of nutritive material available. Th(' posterior zobid 
arises in starved headless pieces almost as readily as it does in 
those in which excess of food is present. On the other hand, when 
the head is present and well developed, excess of nutriti\'(^ 
material does not determine the formation of a second zobid, 
except in so far as it induces growth. 

In the teratomorphic pieces (fig., 12) the head is of small size, 
but it is much more highly developed than in the anophthahuic 
and headless pieces. Histological examination shows a gan- 
glionic mass which is often almost as large as that of the normal 
head. In accordance with this condition of the head region we 
find that teratomorphic B and C pieces undergo fission but 
rarely. The posterior outgrowth in these pieces is often some- 
what larger than in pieces of the same length with normal heads 
(compare figs. 11 and 12) but it is alwaj^s less than in anophthal - 
mic (figs. 9 and 10) and headless pieces (figs. 7 and 8) of the same 
length! In some cases, however, the posterior regions of terato- 
mgrphic pieces give rise to new zobids but the development of the 
head is in almost all cases sufficient to prevent such zobids from 
attaining the stage of development at which separation is possible. 

3. THE RESULTS OF FEEDING AND GROWTH IN TERATOMORPHIC, 
ANOPHTHALMIC AND HEADLESS PIEClsS 

It is a well known fact that fission can be induced in normal 
animals by feeding: the worms increase in size, the region of the 
posterior zobid or zobids growing more rapidly than others, until 
sooner or later fission occurs (Child, ’10). 

The teratoimorphic, anophthalmic and headless pieces are unable 
to make their way to food which is placed near them. As the 
extractives diffuse from the meat these forms often extrude their 
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pharynges and these make searching movements in the water and 
over the substratum, but the pieces do not move toward the meat. 
If, however, they happen to come into contact with it by chance 
they almost invariably feed. 

In the teratomorphic pieces this inability to direct the move' 
mejits toward the food is of particular interest. These pieces are 
very evidently excited by the diffusing extractives from the meat: 
they lift their heads and move them about in much the same 
manner as normal animals, but this reaction is not followed by 
movement toward the food. The movement which occurs may 
be in any direction and discovery of the meat seems to be purely 
a matter of chance. In all the teratomorphic pieces which I 
have used thus far in such experiments the auricles were partly 
or wholly fused in the median line at the anterior end of the head 
and it sterns probable that the inability of these pieces to direct 
their ra|ivements toward the food is due to the fact that they 
possess only one median instead of two lateral organs of chemical 
sense. 

These sense organs are usually absent in the anophthalmic and 
always absent in the headless forms. In these latter the only 
marked reaction to food which I have observed is that of the 
pharynx. 

Since even the headless, as well as the anophthalmic and terato- 
morphic pieces will feed when brought into direct contact with 
the food, it is possible to keep them indefinitely and to bripg 
about growth. In feeding such forms pieces of meat are placed 
in the dish containing them and the pieces are then picked up with 
a pipette or a needle, to which they usually adhere, and deposited 
on the meat. There they feed and sometimes creep away after 
they have finished. After two or three hours they are removed 
from the meat if still on it, the meat is taken out and the water 
changed. By these means such pieces can be kept with little 
more difficulty than normal worms. The possibility of keeping 
and ^ breeding^ such pieces, either through natural fission or by 
section opens up an interesting field of experiment. At present, 
how^ever, we are concerned only with the occurrence of fission in 
connection with growth : other results will be considered at another 
time. 
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In some cases teratomorphic heads redifferentiate in later 
stages into heads of normal form and two eyes synnnetricaliv 
j)laeed develop in addition to the single median eye. In some 
cases also pieces which are at first anophthalmic later become 
teratomorphic or teratophthalmic. Occasionally these changes 
occur even when the pieces are not fed, particularly if they arc 
kept at a temperature of 25° C. or higher; below this temperature 
I have not observed them. When the pieces are fed such changes 
occur more frequently. 

In general, however, these redifferentiations of the head occur 
only within the first two or three weeks after section. If the 
piece remains teratomorphic or anophthalmic during that time 
it remains so indefinitely, no matter how much food it receives. 
I liave kept some of these pieces for more than three months with- 
out the occurrence of any trace of change. 

In pieces which were strictly headless ten or twelve days after 
section further development of the anterior end has never occurred 
within the limits of my observations. The important fact in all 
of this for present purposes is that many of the teratomoi’phic, 
anophthalmic and headless pieces do not develop further when fed 
but remain what they were. Evidently such pieces have attained 
a new dynamic equilibrium different from that of the normal 
animal. 

Since it is only during the last few months that I hav(' attem])tcd 
to feed pieces of this sort my experiments have not as yet pro- 
ceeded very far, but one result of interest in the present connec- 
•tion has already been obtained. When fed abundantly so that 
growth occurs, the headless pieces usually attain a length of 5 to 
6 mm. before fission occurs. The anophthalmic pieces attain 
on the average a somewhat greater length, 6 to 7 mm. before fis- 
sion and the teratomorphic pieces often attain a length of 9 to 
10 mm. before dividing. 

After the first period of growth and fission no further increase 
m size of the anterior regions of these pieces has been observed. 
All further growth is in the posterior region where after the first 
fission another new zodid forms and grows until it attains about 
fhe same size as 'before, when another fission occurs. Up to the 
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present I have seen pieces of this kind produce new zodids and 
divide four times and there is .every reason to believe that they 
will continue to do the same thing indefinitely, or at least for a 
much longer time. 

There is of course considerable variation in different individual 
pieces, but in general there is no doubt that the length which the 
piece attains before fission varies with the degree of development 
of the head region : the higher the development of the head region 
the greater the length which the animal attains before fission. 
Evidently the more highly developed head region is capable of 
dominating a longer body than the less highly developed. If the 
pieces were left entirely undisturbed the posterior zobids in the 
anophthalmic and headless pieces might attain a considerably 
greater length [before fission took place, but of course pieces which 
are fed cannot be left undisturbed. When the pieces are fed every 
alternate day or at regular intervals their removal from the meat 
and the change of water stimulate them to movement and so aid 
in bringing about the act of fission. The teratomorphic pieces, 
however, .show a much greater degree of ^spontaneous^ activity 
than the others, therefore the fact that they attain a greater 
length before fi.ssion is certainly not due to less motor activity. 

Such pieces do not attain anything like the length of animals 
with normal heads before fission. The greatest length observed 
thus far in the teratomorphic pieces is 9 to 10 mm., somewhat 
more than half the length attained by normal animals under simi- 
lar conditions before fission. 

These various facts seem to me to indicate very clearly the» 
importance of the factor of distance in the dominance of the 
head region and the role of physiological isolation in the formation 
of new zobids. 

One further fact may be mentioned incidentally. After fission 
the posterior piece, whether it arose from a teratomorphic, an 
anophthalmic or a headless piece, develops rapidly into an animal 
with normal head and eyes. In short it does not inherit the peculi- 
arities of its parent. In later papers I shall show from other 
experimental data that the various types of the head are .due 
primarily to quantitative rather than qualitative differences in 
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the dynamic processes concerned. Teratornorphic, anophthalmic 
and headless pieces appear where the rate of reaction in the 
developing region falls below a certain minimum necessary for 
the development of a normal head. In the posterior zooid after 
separation conditions are quantitatively different and the rate 
of reaction is sufficient for the formation of normal heads. 

4. THE FATE OF POSTERIOR ZOOlDS IN STARVATION 

It has long been known that Planaria and various other species 
of turbellaria may be reduced by starvation to a small fraction 
of their original size before death occurs. In general the post- 
pharyngeal region decreases in length more rapidly than the pre- 
pharyngeal during starvation. In the very large animals the 
postpharyngeal region is much longer than the prcpharyngeal : 
Fig. 13 shows the proportions of a worm 22 to 24 mm. in length. 
As reduction through staiwation occurs in such worms the pro- 
portions remain at first about the same, but when the animal is 
reduced to about half its length (10 to 12 mm., fig. 14) it is usually 
found that the pharynx is nearer the middle of the body than 
in longer worms, although the postpharyngeal region is usually 
still the longer. When the worm is reduced to 4 to 5 mm. in 
length the pharynx is usually approximately in the middle 
(fig. 15 ) and as further reduction occurs the postpharyngeal 
region may become slightly shorter than the prepharyngeal 
(fig. 16 ). These changes in proportions are the reverse in direc- 
tion of those which occur during the normal increase in size of the 
animals, but in general the reduced animal of a certain length pos- 
sesses a longer postpharyngeal region than the well fed growing animal 
of the same length. This difference is particularly noticeable in 
the smaller worms. In a young growing worm of 5 mm. in length 
the pharynx is usually posterior to the middle of the body (fig. 
17 ), while in the starved worm of the same length it is in the 
middle or anterior to the middle (fig. 15 ). In very young worms 
2 mm. in length, i.e., shortly after hatching, the pharynx is near 
the posterior end (fig. 18 ) while in starved worms of the same 
lepgth the pharynx is only slightly, if at all posterior to the middle 
(fig. 16 ). ^ 

THE JOEHJIAL OF EXPERIMENTAL ZOOLOGT, VOL. 11, NO. 5 
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Figs. 13-lS Fig. J3, animal 24 mm. in length: postpha- 
ryngeal region about twice as long as prepharyngeal. Fig. 
14, a worm reduced by starvation from 24 to 12 to 14 mm; 
postpharyngef.l region somewhat longer than prepharyngeal. 
Fig. 15, starved worm of 5 mm., postpharyngeal and prepharyn- 
gcal regiojis about equal. Fig. 16, starved worm of 2 mm. 
Fig. 17, growing worm of 5 mm., postpharyngeal region shorter 
than prepharyn.^eal. Fig. 18, newly hatched P|,anaria macu- 
lata: postpharyi'.geal region very short. 
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Comparison of the different stages of starvation shows that in 
most cases the anterior zodid decreases sightly more rapidly than 
the posterior or at about the same rate during the earlier stages, 
but that later the decrease in length is more rapid in the posterior 
zodid or zooids. Apparently in the earlier stages neither part 
is capable of maintaining itself at the expense of the other to any 
great extent, or if there is any difference in this respect it is the 
posterior younger part which has the advantage. Later, however, 
as the worm becomes shorter the degree of dominance of the head 
region over the posterior region increases as the distance between 
the two regions decreases and the independent development of 
the posterior zodid is retarded or ceases. From this time on the 
anterior zodid has the upper hand, so to speak, and lives to some 
extent at the expense of the other, therefore in the later stages of 
starvation the posterior zodid decreases more rapidly than the 
anterior. 

A comparison of the different regions of the first zodid shows 
what has been noted by other authors, viz., that the head region 
decreases in size somewhat less rapidly than other parts. Conse- 
quehtly the head appears disproportionately large in the small 
reduced worms. On the other hand, repeated comparison of 
starved and young worms of the same size leaves no doubt that 
the head of the young worm is slightly larger than that of the 
starved animal. I have not attempted measurements in con- 
nection with this point, but have observed the difference many 
time. 

The facts indicate then that in the course of reduction through 
starvation the posterior zodid or zooids become less and less 
completely physiologically isolated from the dominant head region 
as the distance between them decreases. The zooids which arose 
during growth become less and less true zooids as they come more 
completely under the control of the dominant region: they gradu- 
ally return to or approach the condition of physiologically posterior 
regions and as this change occurs the more anterior regions 
become more and more able to maintain themselves on the mate- 
rial of the posterior parts. 

But if the longer postpharyngeal region and the smaller size 
of the head in the extreme stages of starvation as compared with 
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young animals of the same length means anything it means that 
after the second zooid has once arisen it possesses a certain capa- 
city to maintain itself even in conflict with other parts. In other 
words, after a new zodid has once arisen, whatever the conditions 
of its origin may have been, the control of the dominant head 
region of the whole over such a zodid is not as complete as its 
control over a region situated at the same distance from it but in 
which no new zodid has arisen. The relation between the ante- 
rior and posterior zodids in starvation is somewhat similar to 
that betw'een a weaker and a more powerful or a less and a more 
active individual in a struggle for food when the supply is in- 
sufficient for both. At fimt the weaker individual succeeds in 
obtaining a certain amount but in the end it is eliminated before 
the other. 

At any given stage of starvation then the dominance of the 
anterior region of the animal over the body as a whole is some- 
what less complete than in growing animals of the same length. 

There seems to be no reason for a teleological interpretation of 
these relations such as Schultz (^04, ’06, ’07, ’08a, ’08b) and cer- 
tain other authors have suggested. If the relation between mor- 
phological structure and metabolism is of the character which our 
present knowledge seems to indicate {Child, Tic, pp. 571-578; 
Tie, pp. 173-178) it is evident that in starvation those parts of 
the body whose rate of reaction decreases least will maintain 
their structure and size most completely, for they will obtain their 
energy in part from other organs whose rate of reaction has 
decreased to a greater extent. In the part with the higher 
rate of reaction the loss of structural substance, which takes place 
more or less at all times is more completely compensated by the 
new structural substance which is formed in the course of further 
metabolic reactions than in the part with the lower rate. In the 
organ with the lower rate, on the other hand, the chemical con- 
ditions must favor an increased breaking down of structural 
material which thus becomes available as a source of energy and 
incidentally for the formation of new structure wherever the 
demand is greatest, i.e., wherever the rate of reaction has under- 
gone least decrease. 
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In Planaria the head region, where the chief sense organs which 
are affected by external stimuli are situated, and the central 
nervous system, the chief organ of conduction and correlation, 
must maintain more nearly their characteristic rate of reaction 
during starvation, not because they are more essential than other 
parts, but simply because they are more often or more intensely 
stimulated than other parts. So long as the animal remains 
alive in a changing external environment these organs, primarily 
because of their relation to the external world and to other parts 
must maintain more nearly their characteristic rate of reaction 
than other parts. Both their importance for the life of the organ- 
ism and their persistence in starvation are due to this relation. 
In general it is the most essential organs which are most constantly 
or most frequently the seat of dynamic processes, but the occur- 
rence of dynamic processes in any part depends not simply upon 
the part itself' but upon its correlation with other parts and its 
relations to the external world, in short upon its environment. 
The most ^essentiaF part in any organism is then merely that 
part in which under the conditions of existence of the organism 
characteristic dynamic processes are most constantly or most 
frequently induced by the internal or external environment. In 
the simpler organisms Hke Planaria, which in the absence of food, 
are able to use their own structural colloids as a source of energy 
to a very large extent the most essential parts according to this 
definition are the head region and the central nervmus system. 
When the dynamic processes in these fall below a certain level the 
organism ceases to exist as such. To maintain that the organism 
is able to control and guide the destruction or maintenance of 
parts in starvation in a manner involving the idea of finality is 
to ignore the facts which are already at hand. 

In the absence of the head region the relation between parts 
in starvation is very different from that which exists when the 
head region is present. We are able to compare the course of 
starvation in normal animals and in headless pieces of Planaria 
and we find that in headless pieces it is the posterior instead of the 
anterior zobid which maintains itself at the expense of other 
parts. Fig. 19 represents a headless piece corresponding to the 
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Figs. 19-22 The changes in a headless piece during starvation. Fig. 19, 
twelve days. Fig. 20, twenty-.six days. Fig. 21, forty-eight days. Fig. 22, ofle 
hundred and twelve days. 

region 2, 3 in fig. 3 as it appeared twelve days after section.' The 
boundaries between the new and the old tissue are indicated at 
the two ends of the piece. Fig. 20 shows the same, piece twenty- 
six days after section: the posterior new tissue, i.e., the region of 
the posterior zooid has increased in size relatively to the anterior 
region. Fig. 21 shows the same piece after forty-eight days: 
here still farther increase in size of the posterior region at the 
expense of other parts has occurred. And finally fig. 22 shows 
the piece after one hundred and twelve days of starvation. 
Throughout the course of starvation the posterior zooid has 
continued to increase in size as compared with the anterior region. 
At the stage of fig. 22 the pharynx, which decreases in size less, 
rapidly than the parts about, it, has been forced posteriorly 
through the tissues until its posterior end lies a considerable 
distance posterior to the mouth as indicated in the figure. Shortly 
after the stage shown in fig. 22 the piece died. In general headless 
pieces die of starvation at a much larger size than wholes, " This 
difference is undoubtedly connected with a difference in the rate 
or intensity of the dynamic processes and will be more fully con- 
sidered elsewhere. At present we are concerned with the fact 
that during starvation the posterior zooid decreases in size less 
rapidly than that part of the anterior zooid w^hich is presents ihthe 
absence of a more highly developed head region anterior to it the 
anterior region of the posterior zooid has become to some. extent 
the dominant reaion of the whole nieee. 
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A similar relation exists under certain conditions in Stenos- 
tomum, as I showed in an earlier paper (Child, ’03). There the 
cephalic region of any zooid, even if the more posterior parts of 
the zooid are not present, will bring about the resorption and 
destruction of portions of zooids deprived of the cephalic ganglia 
which are attached to its anterior end. ^Foreover, when pieces 
are cut so that they consist of one or more younger zooids with an 
older zooid posterior to them, the older, most posterior zooid is domi- 
nant and the younger zooids anterior to it, instead of continuing to 
develop, undergo resorption and the posterior zooid grows at their 
expense until finally its cephalic region becomes the anterior end of 
the whole piece. Only occasionally and when the younger anterior 
zooids are themselves well advanced in development do they 
succeed in maintaining their individuality and continuing their 
development to the stage of separation and even under these 
conditions they usually undergo considerable reduction in size. 
In Stenostomum this process of destruction is not a matter of 
long continued starvation, but is completed in two or three days 
and is much more striking than in Plan aria. The enteric cavity 
and pseudocoel of the posterior zooid < in Stenostomum often 
become greatly distended with the cellular debris from the dis- 
integrated anterior zooids or parts of zooids. In both cases, 
however, the posterior zooid becomes dominant and if the pieces of 
Planaria did not die before the process was completed we should 
undoubtedly find the head region of the posterior zooid becoming 
the anterior end of the piece in Planaria as well as in Stenostomum. 

Both of these cases demonstrate that the head region of a pos- 
terior zooid exercises some sort of correlative influence upon 
parts anterior to it, at least in the absence of more highly devel- 
oped dominant parts in those regions, as well as upon parts pos- 
terior to it. In the case of Stenostomum, however, starvation 
is not necessary to bring about the decrease in size and resorp- 
tion of the anterior zooids; this occurs so rapidly that the posterior, 
dominant zooid is often packed almost to bursting with the prod- 
ucts of disintegration which it only gradually makes use of as 
nutrition. It is perhaps scarcely worth while at present to 
speculate concerning the exact nature of the influence of the pos- 
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terior zooid upon the parts anterior to it in Stenostomum^ but it 
seems not improbable that the rapid resorption and disintegra- 
tion of the anterior parts is due to a condition of more or less 
complete functional paralysis. Theyare reduced by the operation 
to the condition of mere excrescences upon the anterior end of 
an organism. If they receive impulses from the dominant 
region posterior to them these must conflict with and contribute 
to the destruction of their own coordinations since the region 
from which they come is posterior instead of ^anterior. More- 
over, the existing conditions do not result in the incorporation of 
these parts into a new functional whole as in many cases where 
parts are grafted together and both are undergoing regulation, 
for the functionnl whole is already present in the posterior zooid 
and merely int(U'feres with the function of these parts anterior to 
it. My suggestion is then that in this conflict of conditions corre- 
lation ill these parts is destroyed or interfered with to such an 
extent that they cease to exist as individuals and their cells, 
which do not necessarily die at once pass into the cavities of the 
body of tlie dominant individual as so much foreign mai.ter. 

•V Tin-: FORMATION OF CHAINS OF ZOOlDS 

In my paper on physiological isolation and fission in Planaria 
(Child, ’10) I mentioned the probability that long wofms often 
consisted of more than two zobids. Since that time it has been 
fwssiblc to obtain more definite evidence upon this point and it 
is now certain that animals of more than sixteen millimeters in 
length usually consist of at least three and probably in most cases 
of more than three zobids, for the extreme posterior end appar- 
ently represents a sort of ‘growing tip’ and probably consists 
of a number of very short zobids. This region is perhaps compar- 
able to the ‘growing region’ at the posterior ends of various anne- 
lids whore a considerable number of minute segments are often 
visible. 

It is possible to demonstrate the existence of several zobids at 
the posterior end of long worms by inducing fission at different 
levels and this can readily be done, as I shall show, by cutting 
pieces of different lengths so that the new head will arise at a 
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certain distance from the region “where it is desired to induce 
fission. It is also possible to induce the disappearance of zooids 
already formed by cutting the piece so that a head will form a 
short distance anterior to the head region of the zooid. 

But it is possible to determine approximately the positions of 
the anterior ends of zooids in the body without waiting for fission 
to occur. If we cut the postpharyngeal regions of long worms into 
series of short pieces of as nearly as possible equal length we 
find that the pieces which represent the level of the head region of 
a zooid show a greater capacity for head formation than the others. 
In general the results obtained by this method correspond so 
closely with those of the experiments on fission that I believe we 
- are justified in concluding that such regions of increased capacity 
for head formation, wherever they occur in the postpharyngeal 
region represent the anterior ends of existing zooids. In Planaria 
these zooids do not develop far enough to become visible mor- 
phologically, but I think there can be no doubt that they do exist 
as more or less definite regions of coordinated dynamic activity 
which represent the earliest stages of the rediffereiitiation of this 
part of the body into new individuals. Under natural conditions 
an independent motor reaction sooner or later brings about the 
complete isolation of these regions and then the redifferentiation 
proceeds rapidly as in regulation. 

My experiments include a large number of series of pieces of 
this kind, but most of them show the existence of two or at most 
three zooids. Below are given the records of three series, the 
first of which shows the worms used to consist of at least three 
zooids, while the other two series indicate the presence of four 
or more. The method is of course not an accurate one since it is 
impossible to cut pieces of exactly equal length and length is a 
factor in the capacity for head formation (Child, lib) : moreover, 
as the length of the piece decreases its capacity for regulation 
decreases and the differences between different levels often become 
less marked. However, I have used the method merely as a means 
of showing that the planarian body may consist like Stenosto- 
mum and various other forms of . a chain of zodids. 

For the sake of convenience the notation which was used in 
my earlier work on Stenostomum is adopted here. In a chain 
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consisting of two zooids resulting' from the division of a single 
individual the two zooids are 1. and 2., 1. being the anterior. 
When zooid 1. divides it gives rise to zooids 1.1. and L2. and 
zodid 2. divides into 2.1, and 2.2. A third cycle of divisions gives 
zooids 1.1.1., 1.1.2., 1.2.1., 1.2.2,, 2.1.1., etc. 

Series 333. During two weeks before the experiment the 'stock 
received maximum feeding: food was placed in the jar every day 
and after a few days of such feeding the stock as a whole showed 
but little hunger, i.e., on any one day only a few animals would 
feed. The postpharyngeal region in all worms used for the 
experiment was much longer than the prepharyngeal, an indica- 
tion that the posterior zodid or zooids had reached a considerable 
size. 

On February 8, 1911, ten worms as nearly alike as possible and 
all 18 to 20 mm. in length were selected from the stock and the 
postpharyngeal region of each of these, beginning at the rhouth, 
was cut into six pieces as nearly as possible equal in length. 
Each ten pieces representing approximately the same region of 
the body from each of the ten worms were placed together. The 
results of the regulation of these pieces appear in the following 
table in which the pieces are numbered 1 to 6 from the anterior 
end of the postpharyngeal region backward. The results are given 
in actual numbers, but since each set consists of ten pieces multi- 
plication of these numbers by ten will give percentages. 
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3 
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0 

0 

These 

results 

are presented 

graphically 

in fig. 23 

. In this 


figure the larger spaces of the cross section paper along the ordinate 
represent number of pieces, ten being the total. The abscissa 
represents the axis of the postpharyngeal jjegion of the worms and 
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Fig. 23 Curves of regulation in postpharyngeal regions of worms of 18 to 20 
mm. to show the existence of postpharyngeal zooids. Postpharyngeal region cut 
into six pieces. Ordinate represents number of pieces, abscissa the different levels 
of the postpharyngeal region at which cuts were made. The curve in unbroken 
line is the curve of reconstitution and includes all cases in which any approach to 
head formation occurred. The curve in long dashes is the curve of eye formation. 
The curve in short dashes is a ‘summation' curve to show the different degrees of 
reconstitution at different levels. The line mx below the curves represents the 
axis of the postpharyngeal region; on it the approximate boundaries of the zooids 
are indicated and the lineage of the zooids given. 
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the numbers 1 to 0 indicate the position of the anterior ends of 
each of the six sets of pieces. The starting point of the curves at 
the left corresponds to the anterior end of the prephar 3 uigeal region 
and their end at the right to the anterior end of the most posterior 
set of pieces. These curves then, like figs. 40 and 41 of the first 
paper of this series (Child, ’lib) show the differences in certain 
results of regulation at different levels along the axis. 

Of the three curves in the figure the one drawn in continuous 
line is what we may designate as the curve of reconstitution: 
its ordinates represent the number of pieces at each level or the 
body where a cut was made, that show any approach to head 
formation. It includes all except the headless pieces in the above 
table and serves merely as a general expression of the capacity 
of the pieces to initiate the process of reconstitution, or more 
specifically the process of head formation, which is, as I showed in 
the preceding paper (Child, ’Ilf) the first step in reconstitution 
in such pieces. 

The curve drawn in long dashes is the curve of eye formation: 
its ordinates represent the number of pieces at each level which 
form eyes, whether normal or abnormal. 

The third curve drawn in short dashes is somewhat different in 
character and may for convenience be called the summation curve. 
As a basis for this curve each of the regulatory types in the table 
is assigned an arbitrary numerical value which is selected first 
with reference to the different degrees of approach to the forma- 
tion of a normal head and second with reference to convenience 
in plotting the curve on the same scale as the others. The numer- 
ical values assigned to the different types are as follows: 

Nonna) heads 5 Teramorphic 3 

Teratophthalmic 4 Anophthalmic 1 

In determining the length of the ordinate of the curve at each 
level each of these values is multiplied by the number of pieces 
at that level which show that type of regulation and the sum of all 
these products for the different types of pieces at any one level 
gives the length of the ordinate. In order to draw this curve on 
the same scale as the others each unit o^ the arbitrary values is 
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made to correspond to one of the small spaces of the cross section 
paper. Thus if all ten pieces at any level develop normal heads 
the ordinate of the curve at that level will equal fifty of the small 
spaces and will coincide with the ordinate of the curve of recon- 
stitution and that of eye formation at the same level, both of 
which will equal ten of the large spaces. Referring to the table 
we see that the first ordinate of the summation curve is 5, the 
second 12, the third 20, etc. 

This curve is merely an attempt to show to some extent the 
relative capacity of different regions to form heads. At one level, 
for instance, three pieces may form normal heads and the others 
remain headless while at another level perhaps three pieces pro- 
duce anophthalmic forms and the others remain headless. If we 
count each of the three cases of normal head formation and each 
of the three anophthalmic forms merely as one, as in the curve of 
reconstitution in fig. 23 we take no account of the difference in 
degree of reconstitution. Three anophthalmic pieces do not 
represent the same capacity for reconstitution or for head forma- 
tion as three normal heads. The summation curve then attempts 
to take account of the different degrees of reconstitution. It is 
of course purely arbitrary in character. 

Examination of the curves in fig. 23 shows that the course of 
all three is in general similar. Each shows first a rise and then a 
decrease, in steepness, then a second rise. In other words this 
series shows two levels in the postpharyngeal region where a 
marked increase in the capacity of pieces of a given length to 
form heads appears. I believe that these two levels indicate 
approximately the levels of the anterior ends of zobids. They 
correspond closely with the levels at which fission occurs in ani- 
mals from the same stock and of the same length. 

The absence of a fall after the second rise suggests that the 
extreme posterior region of these worms is in reality not a single 
zobid but rather a series of zobids too short to be distinguishable 
from each other in pieces of the length used in this series. If the 
posterior end consisted of but a single zobid we should expect the 
axial gradient (Child, Tib) in this zobid to appear in the most 
posterior set of pieces.^ The failure of this gradient to appear 
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sugge-sts that there is at least one other head region posterior to 
the level of the second rise in the curves. 

The line mx below tjie curves in fig. 23 represents the axis of 
the postpharyngeal region of the worms of this series drawn to 
the same scale as the curves, the mouth being at m. The two 
dotted lines drawn across this axis indicate the levels at which 
the steepness in the rise of at least two of the curves begins to 
decrease, i.e., they indicate approximately the two levels of 
greatest capacity of head formation in the postpharyngeal region. 
As regards the more posterior level the position indicated on the 
line mx is more or less arbitrary for at ordinate 5 all the curves 
rise almost to 100 per cent and none of them shows any ap- 
preciable fall posterior to that level. 

The more anterior of these two levels coincides approximately 
with the level at which fission usually occurs in these worms and 
the more posterior level with that at which fission occasionally 
occurs in whole worms and very frequently in the posterior prod- 
ucts of a preceding fission (Child, AO). All the facts taken 
together seem to me to indicate very clearly that these levels 
represent more or less exactly the anterior regions of two zooids 
and that consequently the worms used in this series consist of 
at least three zooids, the anterior, bearing the fully developed 
head, and two others posterior to it. The extreme posterior 
region may represent still another zooid or more than one. 

The impossibility of observing the origin of the zooids directly 
prevents us from determining the lineage of the different zooids 
with certainty, but the facts already at hand concerning the domi- 
nance of the head region and the distance factor and their rela- 
tion to the degree' of development of the head region make it 
appear at least probable that the two posterior zooids have arisen 
by the physiological isolation of the posterior region of a single 
posterior zooid rather than through the division of the anterior 
zooid. If this inference is correct then the three zooids present 
in these worms are 1., 2.1. and 2.2., as indicated in fig. 23. The 
probability that zooid 2.2. has undergone still further division is 
indicated by the plus sign following the designation 2.2. in fig. 23. 

Series i^98. This series of ten worms was taken from a stock 
collected on November 21, 1910. At this season the temperature 
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of the water in which the worms live is so low that they are rather 
sluggish and their reactions are in general slow. In consequence 
of this and of the slow growth at such temperatures fission does 
not occur frequently, but the animals are still sufficiently active 
to feed. Because of these and other internal conditions to be 
discussed below the animals attain a much greater length under 
these ' conditions than at higher temperatures. From this stock 
as collected a hundred or more of the longest worms, 20 to 22 
mm. in length were selected and placed in a dish, the bottom and 
sides of which were covered with a layer of vaseline. The vase- 
line serves to some^extent to prevent fission for the animals cannot 
adhere to it as to a glass or metal surface and consequently the 
rupture of the tissues is impossible. The worms live perfectly 
well under these conditions and stocks have been kept for several 
months in such dishes. 

These worms on vaseline were provided with an excess of food 
during twenty-six days and by that time some of them had at- 
tained a length of 25 to 30 mm. without fission. The postpharyn- 
geal region was twice as long, or in a few cases more than twice as 
long as the prepharyngeal region. 

If the increase in length is a factor in determining the formation 
of new zooids then the conditions in these worms are favorable 
for the formation of a larger number of zooids than in shorter 
animals. 

On January 5, 1911, ten worms about 25 mm. in length were 
selected from this stock and the postpharyngeal region of each of 
these was cut into eight pieces as nearly as possible equal in length. 
The ten pieces corresponding to each level were placed together 
and the results of regulation recorded. These results arc given 
in the following table, the sets of pieces being numbered 1 to 8 
from the anterior end of the postpharyngeal region posteriorly. 
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The data given in this table are presented graphically in fig. 
24. Here, as in fig. 23, three curves are plotted; the curve of 
reconstitution, drawn in continuous line and including all cases 
which show any approach to head formation; the curve of eye 
formation, drawn in long dashes and including all cases in which 
eyes of any sort appear: and the summation curve drawn in short 
dashes and plotted in the same manner as in the preceding series. 

All three of these curves show certain resemblances. The curve 
of reconstitution shows three very strongly marked rises, of which 
the first is not as high as the other two. The summit of the first 
rise in this curve corresponds to a decrease in steepness at ordinate 
2 in the summation curve, but the curve of eye formation, does not 
show any summit at this level of the body. In all other resitects 
the three curves correspond closely. 

Fig. 23 shows then the presence in the postpharyngeal regions of 
these worms three distinct regions of increase in head formation : 
the first of these is less distinct than the others, the second is very 
strongly marked and is followed by an equally well marked fall, 
while the third is even more strongly marked than the second 
but is not followed by a fall. If these regions of increase in head 
formation represent the anterior regions of zooids then these 
worms consist of at least four zooids. As in fig. 23, there is no 
fall in that region of the curves which corresponds to the extreme 
posterior region of the body and this again suggests that this 
region consists of more than one zooid. 

The approximate levels of the different zooids are indicated on 
the line mx below the curves in fig. 24 and their probable lineage 
is given. The designation 2.2.+ for the most posterior region 
and the arbitrary division of this region by the dotted lines merely 
serves to indicate the probable further division of this part. 

The anterior region of the zooid 2.1. corresponds to the most 
clearly marked maximum in the curves and it also coincides 
closely with the level at which fission usually occurs in these worms. 
It probably represents therefore the anterior region of the zooid 
which is most advanced in development and that’ must be a de- 
scendant of zooid 2., in this case 2.1. Posterior to zooid 2.1. is at 
least one more zooid which probably arose from the earlier physio- 
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Fig. 24 ^^urves of regulation for poatpharyngeal regions of worms of 25 mm,: 
eight pieces: all details as in fig. 23. 


logical isolation of the posterior region of zooid 2. And in this 
case we find still another zooid indicated anterior to zodid 2,1. 
This I regard as resulting from a new division of zooid L and it is 
therefore designated 1.2. in fig. 24. The reasons for so regarding 
it are these: it is short and the increase in head formation which 
corresponds to its anterior region is less strongly marked than 
that corresponding to other zooids. Both of these facts indicate 
that tk is less advanced in development than the others and there- 
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fore has probably arisen later. Moreover, if the process of fission 
in Planaria follows the same general laws as in Stenostomum, and 
the probability is that it does, as I shall show below, -then this 
lineage of the zooids is what might be expected. The animal 
divides first into two zooids: then, since in Planaria the posterior 
of these two does not undergo rapid development and differentia- 
tion as it does in Stenostomum, its posterior region soon becomes 
physiologically isolated as a third zooid and this process continues 
as elongation goes on. Meanwhile the anterior of the first two 
zooids has also elongated to some extent and since it possesses the 
fully developed head which is able to dominate a much greater 
length of body than the head regions of the posterior zooids it 
attains a much greater length than these zooids before its posterior 
region becomes physiologically isolated. Finally, however, it does 
become isolated and the development of zooid 1.2. begins. This 
is the condition which I believe is represented in this series. 

Series 297, The worms of this series were taken from the 
same stock as those of the preceding and at the same time. They 
were the ten longest worms among those which had been kept on 
vaseline. Their length was somewhat greater than that of the 
worms of Series 298, being 27 to 28 mm. In the present series 
the postpharyngeal region was cut into twelve pieces of equal 
length. The following table gives the results: 
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Fig. 25 Curves of regulation for postpharyngeal regions of worms of 28 mm.; 
twelve pieces: all details as in fig. 23. 


In fig. 25 the three curves arc plotted from these data in the 
same manner as in figs. 23 and 24. All of these curves show four 
distinct ‘regions of increase in head formation. The first two 
increases -correspond rather closely in position with the firs! two 
in fig. 24 and may doubtless be regarded as representing the ante- 
rior ends of the same zooids. The most posterior rise also corre- 
sponds closely in position to the last rise in fig. 24 and represents 
the region of the posterior zooid or zooids. But between ther o at 
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ordinate 8 in fig. 25 the summit of another rise in the curves 
appears which is not present at all in fig. 24. This summit is 
only slightly marked and, if my conclusions are correct must 
represent the anterior end of a rather young zooid, i.e., one 
recently formed. When we examine the line mx below fig. 25, 
on which these different summits are indicated, and compare it 
with mx in fig. 25 it becomes evident at once that the region 
corresponding to zooid 2.1. in fig. 24 has divided in fig, 25 into two 
zooids which must be 2.1,1. and 2,1.2. This is what we might 
expect since the worms of the present series are somewhat longer 
than those of the preceding, from which fig. 24 was plotted. More- 
over, in fig. 24 zooid 2.1. is longer than the other postpharyngeal 
zooids and since its head region remains in an early stage of develop- 
ment its further division might be expected if it increased further 
in length. 

We see then that the curves in fig. 25 indicate the presence of 
at least five zooids in these very long worms. The extreme 
posterior region shows the same characteristics as before and 
suggests a division into a number of short zooids. 

Series 298 and 297 seem to me to confirm each other in a strik- 
ing manner. The only difference between the worms of the two 
series is that those of Series 297 .are slightly longer than the others 
and this series shows one more zooid than the other. The levels 
of the anterior ends of the other zooids correspond very closely 
in the two series and afford additional proof if such is needed 
that we are not dealing with mere chance differences in regulatory 
capacity or with differences due to unequal length of the pieces. 
Moreover the data from which the curves are plotted are not 
from single worms but from ten individuals in each case and the 
uniformity in the results constitutes a practical demonstration 
that we are concerned here with real physiological differences at 
different levels of the body. And finally, when we compare these 
data* with those on the occurrence of fission at the different levels 
under natural and experimental conditions, there can I think, be 
no doubt that these regions of increased capacity for head for- 
mation really represent the, anterior ends of zooids which have 
arisen in this region but which have not developed far enough to 
become visible. 
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In any comparison of fig. 23 with figs. 24 and 25 it must be 
remembered that fig. 23 is plotted from mlich shorter worms than 
the other two figures and the line mx in fig. 23 represents there- 
fore a much larger scale of magnification than in figs. 24 and 
25. The difference in scale between figs. 24 and 25 is slight. 

If we accept the results of these series of experiments we must 
conclude that divisions occur in general more rapidly in the post- 
phar 5 mgeal zooids than in the anterior zooid with fully developed 
head. This difference is probably connected with the fact that 
the postpharyngeal zooids in Planaria remain at an early stage 
of development as long as their continuity with more anterior 
parts persists. Doubtless individual differences in the sequence 
of physiological isolations exist as they do in other forms which 
undergo fission in a similar way. Such differences are doubtless 
fonnected with differences in the dynamic activity of the various 
head regions, in the length of body over which these regions are 
dominant and in the rate of growth. Indications of these differ- 
ences appear in the sequence of fissions in different cases. When 
very long worms like those of Series 298 and 297 undergo fission 
the first separation may occur at the anterior end of zooid 2.2. 4- 
and a second fission a day or two later at the anterior end of 
zooid 2.1, In case this zooid has already divided, as in fig. 25, 
into 2.1.1, and 2.1.2. these two zooids may separate later. On the 
other hand the first fission of the worm may occur at the anterior 
end of zooid 2.1. (2.1.1. in fig, 25) and the posterior product of 
this fission may divide later at the anterior end of 2.2. + or at 
the anterior end of 2.1.2. Separation between zooids 1.1. and 
1.2. rarely or never occurs at the first fission of these worms, 
but after the other posterior zooids have separated zooid 1.2. 
sometimes separates without further feeding and growth, though 
in most cases this fission does not occur except after growth. 

Incidentally the three series give us further data on the relation 
between length of piece and regulatory capacity (Child, ^llb). 
This relation is particularly well shown in the difference in height 
of the summits of the curves in figs. 24 and 25. In the two series 
worms of, almost the same* total length were used and in the one 
(fig. 24) the postpharyngeal regions were cut into eight pieces, in 
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the other (fig. 25) into twelve pieces. Both the tables and the 
curves show that in the latter case the frequency of head forma- 
tion is much less than in the former. 

6. THE FACTOR OF DISTANX’E IN THE FORMATION OF NEW ZOOlDS 
AND ITS RELATION TO THE STAGE OF DEVELOPMENT OF THE 
DOMINANT REGION 

In Planaria the new posterior zooid remains at an early stage 
of development until separation occurs, consequently the boun- 
daries of the different zooids do not become visible as they do in 
the Microstomidae and in various annelids which undergo fission. 
It is therefore impossible to determine the exact position of the 
anterior ends of different zooids or the exact sequence of their 
formation. 

But if we combine the facts obtained by inducing fission in 
various ways (Child, ^10) with the results of experiments like 
those described in the preceding section it becomes evident that 
the formation of new zooids in Planaria takes place according to 
a definite law. ' 

If the formation of a new zooid at the posterior end of an indi- 
vidual or another zooid in Planaria is the result of the physiological 
isolation of the region concerned from the dominant head region 
then two factors must determine when and where new zooids 
shall form. These two factors are, first; the length of body which 
the head region is capable of dominating and. second the rate of 
growth. 

As regards the first of these factors, we find that the length of 
body which the head region is capable of dominating is by no 
means a constant quantity, but differs at different stages of devel- 
opment and under different physiological conditions. In general 
this length increases as development proceeds, at least up to a 
certain point. Figs. 26, 27 and 28 in which the boundaries of 
the posterior zooids are indicated in animals of 5, 12 to 14 and 
28 mm. show this very clearly. In fig. 26 the young animal of 
5 mm. has already divided: as a matter of fact, it is possible to 
induce fission in animals not much larger than this (Child, TO) 
and below the limit w'here fission occurs the behaVior of pieces 
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from the postpharyngeal region in regulation shows very clearly 
that a second zooid is already present there. In the animal of 
12 to 14 mm. (fig. 27) the anterior zooid has about doubled its 
length but has not divided again, while the posterior zooid, 
although much shorter than the anterior, has already divided. 
In some cases, and especially if growth is slow, this division of 
the posterior zooid does not occur until the worms are somewhat 
longer than this, but in all cases, so far as my observations go . 
it occurs before the division of the anterior zooid. In worms of 
28 mm. (fig. 28) the anterior zooid has divided again, but the 
anterior product of this division, zooid 1.1. is three times as long 
as the whole worm in fig. 26. Evidently the length of body over 
which the head region is dominant increases greatly during devel- 
opment. In the posterior zooids, on the other hand, where the 
head region remains at an early stage of development the zooids 
divide at lengths which correspond much more closely to the 
length of the young animal at the time of its first division. 

The facts indicate clearly then that an extension of the domin- 
ance of the head region over parts posterior to it occurs during 
development in Planaria. Physiological isolation of the poste- 
rior end is therefore possible in much shorter animals in early 
stages of development than in later stages. 

Turning to the second factor in the formation of new zooids, 
the rate of growth, it is evident that the rate at which growth in 
length occurs will determine the rate at which divisions occur. 
But the question at once arises as to whether the rate of extension 
of dominance always coincides with the rate of growth in length. 
The facts indicate that it does not. My own observations on 
normal worms show very clearly that the slowly growing animal 
attains a much greater length without division than the one which 
is growing rapidly. By inducing very rapid growth fission can 
be made to occur in the natural way and without special stimula- 
tion in animals of 12 to 14 mm. or even shorter, while animals 
kept under conditions where growth is slow often attain a length 
of 25 mm. without fission. In general, the higher the rate of 
growth the shorter the animal when it divides. At the time my 
paper on physiological isolation and fission in Planaria (Child, ’10) 
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was written I had not recognized this fact clearly, although some 
of the data at hand at that time point to such a conclusion. 

This fact is of great importance for the understanding of the 
process of formation of new zooids, not only in Planaria but in 
other forms as well. It means that an individual or a zooid does 
not necessarily attain either a certain constant length or a cer- 
tain stage of development before it divides. It may divide at 
any length above a certain minimum or at any stage of develop- 
ment and the lengths and stage of development at which it does 
divide depend upon the relation between the rate of extension of 
dominance and the rate of growth in length and this is determined 
by the conditions under which the individual or zobid is living. 
With a high rate of growth in length division occurs in shorter 
animals and at an earlier stage of development; with a lower 
rate of growth the animals attain a greater length and a more 
advanced stage of development before dividing, and when the rate 
of growth is very low they may attain a maxmum size without 
dividing at all, for under such conditions the rate of extension 
of dominance may keep pace with the rate of growth in length 
until the limit of growth is attained. 

To sum up : the fapts as regards division in Planaria are these : 
first the length which the individual or zooid attains before it 
divides varies with the stage of development of its anterior domi- 
nant region and second, the higher the rate of growth in length the 
less the length attained before division and vice versa. These 
facts are readily accounted for by the hypothesis that the rate 
of growth in length and the rate of extension of dominance are 
not necessarily identical. According to this hypothesis division 
may occur at any length above a certain minimum and at any 
stage of development, according to the relation between the rate 
of growth and the rate of extension of dominance. In Planaria 
division does occur in individuals and zooids of very different 
length and in very different stage of development but this hy- 
pothesis accounts for all the facts and I believe we cannot account 
for them in any other way. The question as to how and why the 
extension of dominance occurs during development is one of 
considerable interest and we shall return to it below after a brief 
review of the process of fission in Stenostomum. 
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In Stenostomum and Microstomum and in various annelids 
chains of zooids arise in much the same manner as in Planaria and 
in those forms the morphological differentiation of the zooid 
as a new individual takes place while it is still in organic contmu- 
ity with more anterior regions and each zooid becomes visible 
at a very early stage of its development. Some years ago, in con- 
nection with experiments on regulation I devoted considerable 
time to a study of the process of division in Stenostomum most 
of the results of which have not as yet been published. Since the 
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process of division in this form is in many respects similar to 
that in Planaria and since the visibility of the zooids makes its 
analysis less difficult a brief comparison of the two forms will 
serve to bring out some points of interest. In general the same 
law holds for both forms, although certain differences exist. 

In Stenostomum the first division of a single individual occurs 
in the posterior region of the body as indicated in fig. 29. There 
is more or less variation in the level of the fission plane in different 
individuals at the time of its first appearance, but in well fed 
animals at a temperature of about 20^ C. and with sufficient 
oxygen the first fission plane appears posterior to the middle. 
After its formation both zooids increase in length and in the sec- 
ond division the anterior zooid, zooid 1., with fully developed 
head divides into a long anterior zooid, 1.1. and a short posterior 
zooid, 1.2. (fig. 30). Somewhat later zooid 2. divides into tw^o 
zooids nearly equal in length (2.1. and 2.2., fig. 31). (Comparison 
of figs. 30 and 31 shows that the anterior products of these two 
divisions are unequal in length, the zooid 1.1. (fig. 30) with fully 
developed head being much longer than zooid 2.1. (fig. 31) in 
which the head region is not fully developed, while zooid 2.2. 
(fig. 31), even without including the slender tail, is longer than 
zooid 1.2. (fig. 30). In the third series of divisions the anterior 
zooid with developed head again attains a greater length than 
others before division although its division precedes the division 
of other zooids in time and in this third division it once more 
divides into a long anterior and a short posterior zooid (fig. 31, 
1.1.1. and 1.1.2.). Zooid 1.2. (figs. 30 and 31) divides next into 
nearly equal parts (fig. 32, 1.2.1. and 1.2,2.). Moreover, this 
zooid in which the head region is still at a rather early stage of 
development divides when its total length is much less than that of 
the anterior zooid with fully developed head. The figures show 
this point clearly: the combined length of zooids 1.2.1. and 1.2.2. 
in fig. 32 is much less than that of the anterior zooid of the chain 
at any stage, and the difference between the anterior product of 
this division (1.2.1., fig. 32) and the zooid 1.1.1. in the same figure 
or zooid 1.1. in fig. 30 or even zooid 1. in fig. 29 is striking. 
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The next zooid to divide in the third series of divisions Is zo5id 
2.1. (fig. 31). Its total length when it divides is greater than 
that of the zooid anterior to it (zooid 1.2.) but less than that of 
the most anterior zooid of the chain. Moreover, zooid 2.1. divides 
into a longer anterior and a shorter posterior part (fig. 32, 2.1,1. 
and 2.1,2). The development of the most posterior zooid of a 
chain is always slow and the third cycle of divisions does not 
usually occur in this zooid until after separation at the fission 
plane between zooids 1.2.2. and 2.1.1. (fig. 32) has occurred. 
Occasionally, however, and under certain conditions its division 
occurs somewhat earlier. In fig. 33 a case of this kind is shown. 
This zooid, zooid 2.2. of figs. 31 and 32, has divided in fig, 33 
into zooids 2.2,1. and 2.2.2. and of these the anterior is shorter 
than the posterior, or if we exclude the tail they are of about the 
same length. 

After the separation of the chain into two parts further divi- 
sions continue to occur in the same way. The figures of Steno- 
stomum chains are all drawn from measurements made with a 
micrometer. The length of the Stenostomum chain when extended 
is fairly constant and with a little practice measurements can be 
made with a considerable degree of accuracy. In any case there 
is no room for doubt that the differences in length of the zooids 
in the figures are not in any way connected with errors of measure- 
ment. These differences can be seen without the slightest diffi- 
culty in any chain undergoing division under normal conditions. 
My measurements were made merely for the purpose of avoiding 
possible exaggerations and other errors which might result from 
'the freehand drawing of figures. In the zooids of Stenostomum 
the ciliated pits, which ar^ shown in the figures serve very well 
as an index of the stage of development of the head region, for 
their development is closely associated with that of the cephalic 
ganglia, which are the most essential part of the head. In figs. 
29 to 33, instead of drawing in the cell masses of the ganglia 
and the developing pharynx which are clearly visible in the living 
animals and which were shown in the drawings made in my notes, 
I have used the ciliated pits alone as an index of, the stage of 
development of the head. 
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Figs. 32-34 Stenostomum chains showing sequence of divisions and lengths of 
20oids. Fig, 32, natural conditions. Fig. 33, heavy feeding. Fig 34 low tern- ' 
perature. o j 
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This brief review of the sequence and the positions of the 
different divisions brings out certain facts of importance. In the 
first place we see that the more advanced the development of the 
head region of any zooid the greater the distance between this 
head region and the new head which arises by the division of the 
zooid. An examination of the figures will show that this is true 
for all zooids and for all divisions. Stating this fact in other 
words, we may say that in any pair of zooids resulting from divi- 
sion of a single zooid, the length of the anterior member of the 
pair is proportional to the degree of development of its head region. 

Furthermore, a comparison of the posterior zooids of the differ- 
ent pairs shows that the posterior products of division differ 
in length at the time of their appearance very much less than the 
anterior products (fig. 29, 2.; fig. 30, 1.2.; fig. 31, 1.1.2., 2.2.; 
fig. 32, 1.1.2., 1.2.2., 2.1.2.; fig. 33, 1.1. 1.2., 1.1.2., 2.1.2., 2.2.2.). 
As a matter of fact we do find that the posterior member of the 
most posterior pair in a chain (fig. 29, 2.; fig. 31, 2.2.; fig. 33, 

2.2.2. ) is always somewhat longer at its first appearance than the 
posterior member of the most anterior pair (fig. 30, 1.2.; fig. 31, 

1.1.2. ; fig. 33, 1.1. 1.2.). This difference is due in part to the fact 
that the posterior zooid tapers to a long slender tail at its posterior 
end, but even if the tail is left out of consideration the most pos- 
terior zooid is longer than the posterior member of the most ante- 
rior pair in the earliest stages. Examination of a very larger num- 
ber of chains has convinced me that the differences in length, 
between these two zooids are merely the extreme terms of a graded 
series along the axis of the chain. In other words, the length of 
the posterior member of a pair of zooids at its earliest visible 
stage increaseti as its distance from the anterior end of the chain 
increases. It is somewhat difficult to attain certainty concerning 
this point, for the zooids begin to increase in length as soon as 
they are formed and it is necessary to exercise great care in select- 
ing only the very earliest stages or like stages of development for 
comparison. My notes include a large number of measurements 
of chains which were made before my attention was called to 
this point and in these the difference in length of newly fonned 
posterior members of pairs at different levels appears so frequently 
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that I cannot doubt that it really exists Fig, 33, in which the 
posterior members 1,1. 1.2., 2.1.2, and 2,2.2, appeared almost 
simultaneously shows this difference clearly: of these three zooids 
1.1. 1.2. is the shortest, 2,1.2. is next in length and 2.2.2. is the 
longest. 

If this fact means anything it means that the minimal length 
of a region which is capable of forming a new individual when 
physiologically isolated from the dominant region increases with 
increasing distance from the anterior end of a chain. In the 
course of my experiments on the regulation of pieces of Steno- 
stomumlfound that the minimal length of pieces capable of giving 
rise to new individuals when physically isolated by section was 
almost exactly the same as the length of these posterior members 
of pairs at their first appearance. Moreover, the comparison of 
pieces from different regions of chains indicated that under con- 
stant external conditions the minimal length of such pieces was 
somewhat greater in posterior than in anterior regions of the 
chain, that is, at more posterior levels a somewhat longer piece 
is necessary for the formation of a whole than at more anterior 
levels. This statement I make with some reserve for the differ- 
ence is not sufficiently great to make the conclusion certain. If it 
is correct then the results obtained from the study of natural 
division are in complete agreement with the results of experiment 
with isolated pieces and both indicate the existence of an axial 
gradient similar to that in Planaria, though much less strongly 
marked. 

Another fact of interest in this connection is that in Stenosto- 
mum growth in length occurs more rapidly in anterior than in 
posterior zooids. In general the rate of increase in length in the 
zooids of a chain decreases from the anterior end of the chain pos- 
teriorly. This is shown by the fact that any particular cycle 
of divisions begins in the most anterior zooid and the division of 
the otheft zooids follows in order. This sequence of divisions is 
shown in figs. 29 to 32. Occasional deviations from this order ^ 
occur in nature or may be produced experimentally. In fig. 
33, for example, which represents a chain that was heavily fed, 
the sequence is less strongly marked than usual. In this chain 
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the anterior zooid is in advance of all others as is usual and the 
anterior half of the chain is in advance of the posterior half, 
though less so than usual, but in the posterior half the last two 
divisions have occurred almost at the same time, as indicated by 
the stage of development of the posterior members of the two 
pairs. Usually the more anterior of these two divisions occurs 
considerably in advance of the other. The usual sequence of 
divisions, which is connected with the rate of increase in length also 
indicates the existence of an axial gradient of some sort, apparently 
quantitative. 

These facts concerning division in Stenostomum ^howthat 
in this form as, in Planaria, division of an individual or a zooid 
may occur at very different stages of development and at very 
different lengths above a certain minimum. The Stenostomiun 
zooid does not necessarily attain either a certain stage of develdp- 
ment or a certain length before dividing. Moreover Stenostomum 
affords an ocular demonstration of the extension of dominance 
with advancing development. In every pair of zodids resulting 
from division of a single zooid, the length of the anterior member 
of the pair is proportional to the stage of development of its ante- 
rior end. This can only mean that the more advanced the 
development of the anterior region of a zooid the greater the 
length of body which it is capable of dominating. In Steno- 
stomum, however, the head region of the original individual com- 
pletes its development and growth before fission begins, conse- 
quently the length of the most anterior zooid of a chain remains 
approximately constant and no extension of dominance occurs. 
Figs. 29 to 32 illustrate this fact. Fig. 33 is not strictly compara- 
ble with the others because the chain in this case developed under 
conditions which produced a somewhat different zooid-length. 
In Planaria, the head continues to increase in size long after divi- 
sion begins and in correspondence with this fact we find that the 
length of the anterior zooid in Planaria increases greatly during 
growth. We are certainly justified in concluding that in Stono- 
stomum as in Planaria the occurrence of division depends upon 
the relation between the rate of increase in length and the rate of 
extension of dominance: 



STUDIES ON THE DYNAMICS OF MORPHOGENESIS 267 

But the processes of division differ in certain respects in the 
two forms: in Planaria the posterior zooids do not develop mor- 
phologically to the point of becoming visible so long as they remain 
in continuity with more anterior parts, while in Stenostomum 
morphological development is very rapid and is practically com- 
plete when separation occurs. And secondly, we have seen that 
in Planaria the posterior zooids apparently precede the anterior, . 
at least in most cases, in‘ division, while in Stenostomum the 
sequence is the reverse. I believe that both of these points of 
difference between the two forms are connected with a difference 
in the relation between the rate of increase in length and the rate 
of extension of dominance. 

In the first place, it was pointed out above (p. 257) that the 
occurrence of actual fission in Planaria is favored by rapid growth. 
Rapidly growing animals undergo fission when much shorter than 
the length at which fission occurs in those that are growing slowly 
and successive fissions follow with greater rapidity in the former 
than in the latter. When growth is very slow in Planaria the 
animals may attain more than twice the usual length and may be 
maintained at that length indefinitely without the occurrence of 
fission, although the isolation of pieces in series according to the 
method described in the preceding section shows that a number of 
zooids may be present in such animals. These facts indicate that 
when the rate of growth is slow the r{ite of extension of dominance 
may more nearly keep pace with it and so prevent the physiologi- 
cal isolation of posterior regions from reaching the stage at which 
the independent motor reaction and consequent separation of 
the posterior zobid. Very frequently one sees in these very long 
worms of slow growth what appear to be abortive attempts at 
fission. The region of the posterior zopid attaches itself to the 
substratum, i.e., a motor reaction of a certain degree of independ- 
ence ‘does occur, and the anterior zooid pulls against the resist- 
ance to advance which is thus produced. But as the attempts of 
the anterior zooid to pull itself away becomS more violent the 
posterior zooid usually relaxes its hold before separation occurs 
and begins to behave as if under the control of the anterior zooid, 
i.e., its further mbvements are coordinated with those of the 
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latter. My interpretation of such cases is that the region of the 
posterior zooid is physiologically isolated from the anterior under 
ordinary conditions of activity, but that the impulses connected 
with the violent attempts of the anterior zooid to pull itself 
away increase in intensity and effective distance until they finally 
bring the posterior zooid into coordination once more. Actual 
- fission occurs only when even these impulses, fail to overcome the 
independence of the posterior zooid. ‘Apparently then, not only 
the formation of zobids in Planaria but their development to the 
stage where separation is possible depends upon the relation be- 
tween the rate of growth and that of extension of dominance. 

In Stenostoinum posterior zooids often show independent 
motor reactions at comparatively early stages but the consistency 
of the tissues is apparently such that rupture does not occur until 
morphogenesis at the fission plane is well advanced. Moreover, 
in Stfenostomum the rate of growth is very rapid as compared 
with that of Planaria under the most favorable- conditions and I 
believe that the chief differences between the two forms are 
connected with this fact. In Stenostomum physiological isola- 
tion of the posterior region of a zooid or individual and the redif- 
ferentiation of this region into a new zooid occur so rapidly that 
the process is completed before less rapid extension of dominance 
brings the region to a greater or less degree under the control of 
the old head region. In Planaria, on the other hand, the degree 
of physiological isolation is sufficient to initiate the process of 
zooid formation but before this has advanced very far it is at 
least retarded and perhaps inhibited by the extension of dominance. 
The posterior zooids in Planaria then are not as completely physio- 
logically isolated as they are in Stenostomum, consequently their 
development does not proceed beyond a very early stage until actual 
separation occurs and if growth is slow they may even be prevented 
from reaching the stage where separation is possible. 

If these suggestions are correct it should be possible to inhibit 
or accelerate division in Stenostomum as it is in Planaria by alter- 
ing the rate of growth. I have found that it is possible to do this 
ill various ways. I hope to describe my experiments along this 
line more fully at another time: for the present a few facts will 
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suffice. The simplest method of inhibiting the formation of 
new zooids in Stenostomum is by keeping the animals at low 
temperature. Fig. 34 shows a chain of two zooids which devel- 
oped from a stage like fig. 29 at a temperature of 10 to 15° C. 
The length of the zooids is very .much greater than the usual 
length, as a comparison with figs. 29 to 32 shows. When this 
animal was removed to a higher temperature the new zooids 
produced were of the usual length, and fission planes appeared in 
the zooids that had developed at the low temperature. Similar 
differences can be produced by regulating the food ^^pply, though 
this method is less satisfactory than the temperature method, for 
the animals are voracious feeders and it is difficult to adjust the 
food supply to the proper amount so that growth shall be retarded 
but not entirely inhibited. On the other hand, animals which are 
very heavily fed show accelerated division, i. e., division is not 
only more frequent but the zooids do not attain so great a length 
before dividing. Fig. 33 shows a case of this sort. The total 
length of the chain in fig. 33 is not greater than that in fig. 32, 
but more divisions have occurred in fig. 33. The anterior zodid 
has begun the fourth cycle of divisions and the third cycle has 
occurred in the posterior zooid and all the zooids between are 
more advanced in development than in fig. 32. Moreover the 
difference is strikingly shown in the difference in length of the 
anterior zodid of the chain. This is much shorter in fig. 33 than 
in fig. 32. Under like conditions the length of this zodid remains 
fairly constant as is shown by figs 29 to 32. These cases are 
sufficient to show that it is possible to inhibit or accelerate division 
in Stenostomum as in Planaria by altering the rate of growth. 
Theoretically it should be possible, if my conclusions are correct 
to induce the morphological development of zooids in Planaria 
by accelerating the rate of growth, provided it is possible to 
accelerate it sufficiently. I have shown above that we can' control 
the . degree of development of the posterior zooids in Planaria 
to some extent by altering the rate of growth, but as yet I have 
not attempted to push the acceleration of growth to its limit. 

The second point of difference in the process of division between 
Stenostomum and Planaria, viz., the different sequence of divi- 



270 


C, M. CHILD 


sion, is, I think connected with *the first. Since the pogferior 
zooids in Planaria remain at an early stage of development after 
their formation, in consequence of the extension of dominance 
from the anterior zooid, the length of body which their own head 
regions can dominate is not great and docs not increase to' any 
great extent. Therefore, as growth occurs these zooids will divide 
while still short and even if the rate of growth in them is the same 
as in the anterior zooid they will precede it in division. Thus the 
sequence of division in Planaria is due primarily to the retarda- 
tion or inhibition of the development of the posterior zooids after 
their formation. 

In many of the annelids the process of formation of new zooids 
is very similar to that in the flatworms and, so far as my oberva- 
tions go, follows the same laws. In these forms also the relation 
between the rate of growth in length and the extension of domi- 
nance determines the occurrence of division. In some cases the 
extension of dominance reaches a limit early in others late and 
these differences determine differences in the localization or se- 
quence in different forms. Doubtless various other conditions, 
such as advancing senescence which may lead sooner or later to a 
decrease in the length of body over which the head region is 
dominant (Child, Tla, Tic) also play a part in some cases. In 
all cases, however, the new zooid forms in consequence of the physi- 
ological isolation of some part, however that may be brought 
about. 

In the present section the extension of dominance has served 
to account for various facts. In conclusion some suggestions » as 
to how and why it occurs are perhaps not out of place. As 
regards the fact that the length which a zooid attains before divi- 
sion is under constant conditions proportional to the degree of 
development there can, I think, be no doubt. It is the question 
as to why this should be so that we have now to consider. Accord- 
ing to my conception the extension of dominance is similar to the 
phenomenon of ^^Bahnung” in the nervous system of higher 
forms. As the zooid develops the paths of correlation undergo a 
functional adaptation' to the passage of impulses. This means 
simply that the passage of impulses over them alters them in some 
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way so that later impulses pass mon readily or to a greater dis- 
tance. If the impulse consists of a transmitted chemical change 
the functional adaptation of the path may mean simply an 
increasing uniformity of constitution which determines that less 
of the energy of the chemical change is lost in other reactions 
which have nothing to do with transmission. Moreover, the 
dominance of the head region in the turbellaria is undoubtedly 
largely dependent in postembryonic stages upon the nervous 
system. The extension of dominance is probably therefore 
largely a matter of the development or 'bearing” of paths 
along the nerve cords. In the higher forms the rate of such pro- 
cesses falls far behind that of growth and there is every reason to 
believe that it does so here. 

•7. THE DISAPPEARANCE OF ZOOlDS IN CONSEQUENCE OF DE- 
CREASED DISTANCE FROM A HEAD REGION 

In Planaria it is possible to bring about the disappearance of a 
zooid already formed by inducing the development of a head 
near its anterior end. If for example, the postpharyngeal regions 
of long worms like fig. 28 are isolated by section at the level indi- 
cated by a in fig. 35 the pieces become new wholes like fig. 30 with 
normal heads and eyes and with pharynges lying at first anterior 
to the middle. In this process of regulation the fiFst two zooids 
posterior to the cut disappear for they come under the control of 
the new head regi(j>n and undergo redifferentiation into the pre- 
pharyngeal and pharyngeal regions of the new individual. If the 
body is cut into a series of pieces after regulation is completed we 
find that these, regions are similar to the prephafyngeal and 
pharyngeal regions of other individuals and that no trace of the 
previously existing regions of increased head formation which 
marked the anterior ends of the zooids remains. 

But the more posterior zooids, those posterior to o and p in 
fig. 35 may continue to exist since they are farther away from the 
new head and fission may e^en occur before the new head develops 
far enough to control them. In pieces of this kind fission at the 
levels indicated by o and p in fig. 36 is of frequent occurrence 
while the new head is still young, but if fission does not occur *at 
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Figs. 35 and 36 Fig. 35, diagram of postpharyngeal region of long worm showing 
aooida and different levels of section. Fig. 36, regulation of region posterior to 
level a in fig. 35: the more anterior zooids are obliterated bat the rnore posterior 
remain. 

that time it never occurs unless the animals are fed and growth 
occurs. In the same way any other zooid can be made to dis- 
appear or its separation prevented. 

In Stenostomum the results of such an experiment are different. 
A new head does not develop near the anterior end of a zodid 
which is already visible, but the posterior zooid brings about the 
resorption of the headless region anterior to it (Child, ^03), ' This 
difference is due to the fact that the development of the zooid 
is more advanced in Stenostomum than in Planaria and it becomes 
dominant over the whole piece before a new head can develop 
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at the anterior end. If we should use pieces of Stenostomum con- 
taining only zooids at a stage where they were not yet visible we 
could probably bring about their elimination as in Planaria. 

The results of a series of experiments on inhibition of fission 
in Planaria also serve to show the influence of the new head. 

Series S80. 1. Fifty pieces including the region posterior to 
the level b in fig. 35; these were cut from well fed worms about 
20 mm. in length possessing two or three well marked zooids in 
the postpharyngeal region. 

IL Fifty pieces from similar worms but including the region 
posterior to the level c in fig. 35. 

Sets I and II differ only in that the new head forms in Set II 
at a slightly less distance than in Set I from any zooids which 
may be present in the posterior region of the pieces. Fissions 
occurred in the two sets as follows: 



' OF FlECeS j 

1 

ONE FIBSJON 

SECOND FISSION ! 

1 

UNDIVIDED 


1 

50 ' 

1 

46 

2 1 

4 


; 50 

1 

25 i 

0 

25 



Most of these fissions were at the level o in .fig. 35, but in at 
least two cases in Set I fission occurred first at the more posterior 
level p and then again at o. The smaller number of fissions in 
Set II can be due only to the fact that the new head developed at 
a shorter distance from the zooid concerned and so prevented its 
separation. These experiments demonstrate clearly enough the 
importance of the factor of distance in the dominance of a head 
region over more' posterior parts. By altering the distance be- 
tween the anterior end of a zodid and a head region we can deter- 
mine either the continued existence of the zodid and its final 
separation or its redifferentiation as a part of the new aniriial. 

8, CONCLUSION AND SUMMARY 

In the present paper I have attempted to show that the forma- 
tion 'of new zooids in Planaria is the result of physiological isola- 
tion of posterior regions of the body from the dominant head 
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region. If my conception of the process is correct the formation 
of new zooids is not essentially different from the process of regu- 
lation of pieces into wholes after physical isolation. In Planaria 
the development of the zooid beyond a certain stage is prevented 
so long as continuity with more anterior parts persists, but this 
is merely a matter of the degree of physiological isolation. In 
many other forms, e.g., Stenostomurn, the development of new 
zooids proceeds almost as if they were physically isolated. 

I believe the idea of physiological isolation will prove very useful 
in accounting for the phenomena of reproduction in both animals 
and plants. It must be remembered, however, that the distance 
limit of dominance and the degree of physiological isolation are 
dependent upon dynamic processes and undoubtedly vary from 
moment to moment. There is no fixed limit of dominance: the 
limit is undoubtedly greater for powerful than for weak impulses. 
In other words the very long planarian, consisting of several 
zooids is undoubtedly more nearly a single individual when it 
reacts very strongly to some stimulus than when it reacts only 
slightly. We must regard the limit of dominance as continually 
changing in the living organism, nevertheless it changes within 
certain limits. As the length of the individual or zooid approaches 
the limit a critical period must occur during which the posterior 
region is sometimes physiologically isolated to a certain degree and 
at others more completely a part of the original whole. Dur- 
ing the times of greater isolation the processes which would lead 
to reproduction if continued may begin, only to be inliibited and 
their effects removed by a change in the limit of dominance. As 
the periods of greater isolation become longer or more frequent 
with increasing length or with any change in conditions which 
leads to a more permanent decrease in the limit of dominance, the 
processes which lead to' the formation of a new zooid continue 
during longer periods or occur more frequently and the new zooid 
begins to acquire a more permanent character. Sooner or later 
it becomes a continuously existing system and there is no doubt 
that after a certain stage it opposes a certain degree of resistance 
to the impulses which reach it from the dominant region,- i.e., 
its receptivity is changed (Child, Tla). It might almost be said 



STUDIES ON THE DYNAMICS OF MORPHOGENESIS 


275 


to have acquired a certain momentum. What has probably 
occuired is that new correlations have been established and the 
minuter structure has by this time been so far altered by the 
changed processes that it cannot return at once to its original 
condition. In this way the new system gradually emerges from 
a part of the old. The process is undoubtedly not a continuous 
one in its early stages but a series of oscillations to and fro between 
greater isolation and more complete subordination. Even after 
the new system has become what may be called continuously 
existing it is not necessarily completely isolated. Extreme con- 
ditions may bring it more or less completely under the control of 
the old dominant region either temporarily and only occasionally 
or perhaps permanently. But under ordinary conditions its 
‘independence gradually increases, still with many oscillations to 
and fro until finally the changes in the structure become great 
enough to be visible. Here the visible morphological develop- 
ment begins, but even this may be retarded or inhibited, or under 
extreme conditions the whole process may be reversed by the 
influence of the old dominant region. Reproduction in con- 
sequence of physiological isolation is not then a simple continuous 
process but rather a series of oscillations. The new zooid may be 
clearly defined dynamically before any evidence of morphological 
development can be discovered: as I have shown, this is the case 
in Planaria. 

The continued oscillation between subordination and physio- 
logical isolation may be a very important factor in determining 
the development of a zone of structural weakness between the 
new zooid and other parts. The frequent changes in the correl- 
ative factors to which this region is subjected may lead to de- 
generation of its structure so that rupture occurs more readily 
there than elsewhelre. 

The relation between the rate of growth and the rate of exten- 
sion of dominance which was discussed in Section VII seems to me 
to be a factor of great importance in determining the sequence of 
the formation of zodids and the stage of development attained 
before . division occurs. The formation of new zodids is most 
likely to occur in animals where the rate of growth is high as 
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compared with that of extension of dominance. In a given 
species under normal conditions it is more likely to occur in young 
animals where growth is rapid than in old animals with a slower 
rate of growth, although, as I have shown elsewhere (Child, 10, 
11a) it may be -induced experimentally by decreasing the domi- 
nance of the anterior region. 

The formation of new zooids in Planaria, as well as in Steno- 
stomum affords further evidence in support of the conclusion 
reached in the preceding paper (Child, Ilf), viz., that in ^h of 
these relatively simple organisms there is one characteristic or 
fundamental morphogenic reaction which occurs in every isolated 
mass of the specific protoplasm that is capable of continued exist- 
ence and synthesis, provided its rate of reaction is sufficiently 
high. The morphological result of this reaction is the formation 
of an anterior or distal end. 

Experimental data to be described later will show that the rate 
of reaction is a very important factor in morphogenesis. In 
order actually to form a distal or anterior region the isolated mass 
must not only remain alive but the dynamic processes going on 
within it must maintain or exceed a certain minimal rate. More- 
over, it is possible to determine great differences in morphological 
structure, e.g., the .teratophthalmic,teratomorphic and anophthal- 
mic heads, by changes in conditions which have primarily a purely 
quantitative effect. 

If we accept the conclusions reached in this and earlier papers 
of the series, it follows that the formation of new zooids in Planaria 
is essentially a process of regulation resulting from physiological 
isolation as the regulation of pieces results from physical isolation. 
I believe that most if not all forms of asexual reproduction are 
fundamentally similar in character (Child, T la) . 

Moreover, it seems entirely unnecessary to assume the contin- 
uous existence of any sort of ‘germ plasm^ in connection with 
such processes. The germ plasm of Planaria is* the specific 
reaction complex which leads to the formation of a head region and 
in Tubularia the germ plasm is the reaction complex which leads 
to hydranth formation, or more strictly to the formation of the 
distal region of a hydranth. There is not the slightest reason to 
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suppose that this reaction complex is continuously existent, 'for 
the assumption that a mass of protoplasm may react in one 
way at one time and in another at another time certainly presents 
no greater difficulties than the assumption that a specific chemical 
substance may go through one series of reactions under certain 
conditions and through a different series under other conditions, 
and this we know to be a fact. In such a case we do not regard it 
as necessary to assume that jthe specific substance is continuously 
present in all ‘these reactions. In the case of the organism it 
^ms much more logical and certainly more in accord with the 
facts to believe that germ plasm arises de now from somatic plasm 
every time dedifferentiation occurs in consequence of altered 
correlation or other conditions. It is not necessary that the dedif- 
ferentiation should be complete in every case, the new develop- 
ment need not start at the very beginning, A dedifferentiation 
of any degree is merely a more or less close approach to the fun- 
damental dynamic system of the species. In fact, when we think 
of life in dynamic instead of in static terms the conception of 
germ plasm as a continuously existing entity becomes really 
impossible. And finally, that conception does not help us in any 
way to understand or interpret the phenomena or the processes 
of development, it rather makes them more difficult to under- 
stand and all so-called interpretations based on this conception 
are simply paraphrases of the facts observed. 

The group of cells which gives rise to a head in a piece of Pla- 
naria seems to me to constitute as truly a germ as does the egg 
cell. In fact the chief difference between the egg and these cells 
is that the egg is so highly differentiated and physiologically so 
old (Child, ^llc) that a special stimulus from without is neces- 
sary before it can dedifferentiate into germ plasm, while in the 
pieces of Planaria the dedifferentiation follows automatically 
upon physiological or physical isolation. In short the piece of 
Planaria is in reality much nearer the condition of a germ plasm 
than is the egg before fertilization. 

According to my conception, the process of reproduction in- 
volved in the regulatory formation of a head and so of a new whole 
in Planaria, a new hydranth in Tubularia or a new bud in a plant 
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is a much simpler and more primitive form of reproduction than 
the sexual form. In such simple forms of reproduction the prob- 
lem of heredity appears in its simplest terms and the process of 
inheritance itself becomes accessible to investigation. 

The chief points of the paper are summarized as follows: 

1. In pieces of Planaria possessing a large, fully developed 
head and below a certain length a second zooid does not appear 
at the posterior end except after feeding and growth, but in head- 
less pieces of the same length and under the same conditions the 
second zooid appears at once and often another zooid forms and 
fission may occur. 

2. If teratophthalmic, anophthalmic or headless pieces are 
fed so that growth occurs they attain a certain length far below 
that of the normal animal under the same conditions and then 
undergo fission and this process is repeated indefinitely. In 
general the teratomorphic pieces attain a greater length before 
fission than the anophthalmic and these a greater length than the 
headless pieces. The second zooids arising frorti such pieces 
produce normal animals and do not inherit the characteristics of 
their parents. 

3. In starvation in normal animals the second zooid or the 
posterior zooids gradually come again under the control of the 
dominant head region as the length of the animal decreases and in 
the later stages of starvation they may almost entirely disappear. 
In starving headless pieces, on the other hand, the posterior zooid 
or zooids maintain themselves at the expense of the more anterior 
headless region. 

4. Planaria dorotocephala often consists of four or five or more 
zooids which arise in definite relations to each other. 

5 In Planaria and Stenostomum, as well as in various other 
forms the distance from the head region in any zooid to the 
head region of the new zooid arising at the posterior end of the old 
increases as the development of the anterior head region advances, 
at least up to a certain stage. 

6. The formation of new zooids and fission are favored by rapid 
increase in length. In slowly growing animals division not only 
occurs less frequently than in rapidly growing, but the zooids 
attain a greater length before dividing. 



STUDIES ON THE DYNAMICS OF MORPHOGENESIS 279 

7. It is probable that the paths of correlation in the dominant 
region and between this region and other parts undergo a func- 
tional adaptation' during development. In Planaria and related 
forms nerve paths are undoubtedly largely concerned in this proc- 
ess, which is similar to the ^Pahnung' observed in the nervous 
systems of higher forms. In consequence of this change in the 
paths of correlation an extension of the dominance of the anterior 
region occurs during development and the length of body over 
which the anterior region is dominant increases with advancing 
development up to a certain stage. 

8. The^relation between the rate of growth and the rate of exten- 
sion of dominance determines whether and where new zooids 
shall be formed and whether they shall undergo morphological 
development after their formation. According to this law a 
zodid or an individual may divide at any stage of development or 
at any length within certain limits. 

9. Zooids already formed can be made to disappear in Planaria 
or their further development and separation can be prevented by 
decreasing the distance between them and a dominant head region. 

10. The formation of new zooids in Planaria, Stenostomum and 
various other forms is essentially a process of regulation resulting 
from physiological isolation of parts, just as the formation of 
new wholes from pieces results from physical isolation. , 

11. The 'germ plasm' of Planaria is essentially the specific 
dynamic system that gives rise to a head region, whether this is 
contained in a single cell or in a mass of cells. Such a system may 
arise de no'&o wherever sufficient dedifferentiation occurs and there 
is absolutely no reason for assuming that this system Is continu- 
ously existent in all parts of the planarian body which are capable 
of forming a head. 

12. The form of reproduction in which a new whole, beginning 
with tie dominant region is formed from a part in consequence of 
physiological or physical isolation is a relatively simple and primi- 
tive mode of reproduction as compared with the sexual type, in 
which the egg is so highly differentiated and so old, except in 
cases of parthenogenesis, that a special stimulus from without is 
necessary to initiate the process of dedifferentiation. In such 
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simple forms of reproduction the process of inheritance itself is 
accessible to investigation. 
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THIRTY FIGURES 

INTRODUCTION 

1 

It is known that monaxonid sponges may be broken into their 
constituent cells and these will recombine to form restitution 
masses which have the power to transform into perfect sponges 
(Wilson, ’07b, ’lib; Muller, ’ll). Several kinds of cells, enter 
into the composition of these masses, not only the indifferent or 
totipotent amoebocytes, but also differentiated elements. What 
is the fate of the latter elements? Do they undergo a process of 
de-specialization, passing into an indifferent or totipotent state, 
in which they persist as part of the restitution mass when it begins 
to transform? Or are they incorporated and digested by the 
amoebocytes? In general terms, in the development of such 
masses does regressive differentiation of cells into an indifferent 
condition play an important part? The large number of amoebo- 
cytes, at any rate in the monaxonida, makes it difficult to decide 
this question in the case of sponges. 

It seemed that a study of the coelenterates might throw light 
on the matter. In the hydroids we have two tissue layers, ecto- 
derm and entoderm, and a comparatively small amount of mate- 
rial corresponding to the totipotent amoebocytes of sponges. 
The question was formulated: if all the anatomical connections 

^Published with the permission of Hon. Geo. M. Bowers, U. S. Commissioner 
of Fisheries. The experimental work was carried on at the Beaufort Laboratory 
of the U. S. Bureau of Fisheries during the summer of 1910. Brief mention of 
the results has already been made (Wilson, ’11a; ’lib). 
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and physiological interrelationships, due to position, between the 
cells composing the hydroid layers, were broken up, would the 
cells recombine and form masses of totipotent regenerative tissue? 

Experiments were conducted on two hydroids, Pennaria tiarella 
and Eudendrium carneum. The phenomena were essentially the 
same in the two forms. The hydroid or, in one experiment, the 
coenosai:c only was cut into small fragments and these were 
pressed through gauze (fine meshed silk bolting cloth). The flesh 
is thus broken up into cells and small cell aggregates. Fusion 
between these begins quickly and large masses are produced 
which exhibit a slow amoeboid change of shape. Continued 
fusion goes on with the formation of massive lumps of tissue or in 
other cases of sheets. The size and shape of such masses are under 
control. These bodies acquire a smooth surface and secrete a 
perisarc within about one day. They are solid and of a syncytial 
structure, although cell bodies are here and there marked out. 
During the two or three days following their formation, the 
bodies ‘are subject to great mortality. Many isolated masses or 
nodules of larger masses, however, remain alive and differentiate 
ectoderm and entoderm layers/ together with a central yolk mass, 
much as in the case of a coelenterate planula. These now send 
out cylindrical coenosarcal outgrowths which under favorable 
conditions continue to grow and produce well formed hydranths. 
Such hydranths appear to be normal. In the case of Pennaria 
they developed both the characteristic sets of tentacles and were 
equal in size to the smaller subapical hydranths of the adult, and 
were of about the same size as hydranths obtained from metamor- 
phosing planulas. In Eudendrium also hydranths of adult 
size with the characteristic hypostome and number of tentacles 
were obtained in this way. 

We apparently have here in the hydroids a plain case of the de- 
specialization of tissue elements and their union to form masses of 
totipotent regenerative tissue. The indifferent elements which 
give rise to the sex cells or in some forms to buds (Braem, ’08) are 
practically absent in the coenosarc, and yet as experiment shows 
the coenosarcal tissue will give rise to the restitution masses. 
After their sudden and violent separation the coenosarcal cells are 
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spheroidal and without vacuoles, whereas in the hydroid itself 
they are in some measure vacuolated and provided with out- 
growths which probably all interconnect. This change in appear- 
ance is perhaps correlated with a change in physiological state 
whereby they pass as a result of the shock and isolation into an 
indifferent condition, in which condition they unite to build up 
the restitution mass. The mass differentiates like a planula, the 
outer stratum becoming the ectoderm, while the inner mass gives 
rise to an entoderm and material that is used up as food. After 
the several kinds of cells unite to form the restitution mass, they 
undergo changes and it becomes impossible to trace them. It 
is conceivable that some degree of specification persists and that 
elements derived originally from the ectoderm migrate in the mass 
until they reach the region of the surface, while the elements 
derived from the entoderm shift towards the interior of the mass. 
However, I find no facts in support of this idea, and it seems to 
me extremely improbable. 

I conceive then that in the formation of the hydroid restitution 
masses the phenomenon is essentially one of regressive differentia- 
tion. The dells of the hydroid layers perhaps as a result of isola- 
tion, perhaps in part as a result of the shock, pass quickly into a 
simplified indifferent state. The restitution masses of sponges 
are so like those of hydroids that in them too regressive differen- 
tiation of tissue elements probably plays a great part. 

2 

It may be anticipated that there are other animals besides 
sponges and hydroids in which the somatic cells when forcibly 
disjoined, will fuse and give rise to totipotent regenerative mate- 
rial. Perhaps where the body cells in general have not this power, 
it maystiU be possessedby comparatively undifferentiated amoebo- 
cytes in such forms as ascidians. And it is possible that the sex 
cells in some anirtials before they have progressed too far in their 
special differentiation, may possess this power. From these 
standpoints a few observations were made on the common alcyon- 
arian Leptogorgia, and on the immature gonads of the starfish, 
Asterias. 



284 


H. V. WILSON 


For Leptogorgia it was shown that when short pieces of the 
colony are pressed through cloth as before, or simply squeezed 
under water with forceps, small lumps of tissue and isolated cells 
are pressed out. An active fusion goes on between all these, witli 
display of amoeboid phenomena. Masses are thus formed which 
become more or less spheroidal and acquire a smooth surfac(‘. 
By bringing together the smaller ones, bodies of considerable size 
up to and over 1 mm. in diameter may be produced. These 
bodies remained alive in laboratory dishes for many days, but 
exhibited no metamorphosis. 

In the case of Asterias, immature gonads about an inch long 
were cut up and pressed through gauze. Abundant cells and cell 
masses were thus obtained, which fused actively forming reticu- 
lated plates and massive lumps. These soon acquired a smooth 
surface. They remained alive in laboratory dishes for a couple 
of days, but underwent no further change. 

Experience in the handling of regenerative sponge masses sug- 
gests that possibly in the case of the alcyonarian the fusion masses 
might metamorphose if transferred to the harbor water. It 
seems incredible that anything in the shape of an individual could 
come from the fused germ cells of Asterias, however probable 
this might be in the case of a coelenterate. On the other hand, 
where the mass of cells is unable to give activity to the regenera- 
tive power when removed from the body fluids to water^ it might 
conceivably display regenerative power, in some degree, if replaced 
in a proper body. Perhaps in some animals it might give rise 
to a bud individual, or under other conditions become merged into 
the tissues of the locality, or die gradually in some process of 
absorption, or be extruded as something foreign, or finally pass 
into one of the categories of tumors. From this point of view, an 
experiment w^as started to determine what the Leptogorgia balls, 
above described, would do if replaced in the Leptogorgia body. 
The experiment which must be regarded as no more than a tenta- 
tive one is described farther on in the paper. 
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3 

Some facts concerning the regressive differentiation of cells 
have long been familiar. The choanocytes of fresh water sponges 
for instance; it is known since the time of Lieberkiihn's investiga- 
tions C56), give up during the winter their distinctive features and 
assume the character of mesenchyme elements. Metschnikoff 
observed the same phenomenon in marine sponges that were kept 
in foul water (79). The flagellated chambers in both these 
cases again developed with the return of proper conditions; but 
there is no reason to suppose that the same cells that once were 
choanocytes again became transformed into such elements. It 
is possible; of course, that this is so, in which case the de-speciali- 
zation of the choanocytes is partial and temporary, and a complete 
return to the indifferent (totipotent) state of the typical amoebo- 
cyte is not made. On the other hand it is certainly possible that 
the choanocytes do retrogress into this state, from which they 
ontogenetically arise in the gemmule development of the spongil- 
lidae and at any rate in a percentage of individuals in some cases 
of larval metamorphosis (Wilson, ’94; Evans, ’99). A third possi- 
bility, that they are used up as food material, must also be con- 
sidered, until more intensive investigation settles the question. 

The idea of a thorough going de-specialization of cells into 
indifferent elements underlay the older account of the origin of 
gemmules in the spongillidae, according to which the gemmule is 
made up of the transformed cells, of all kinds, located in a region 
of the sponge body. More precise investigations have shown that 
the spongillid gemmule and some other asexual reproductive 
bodies in sponges (Tethya buds, e. g., Maas, ’01) arise as a conge- 
ries of similar mesenchyme cells. The origin of these cells espe- 
cially in cases where the sponge body degenerates, is a matter of 
physiological interest, and deserves t(^e better known. It is 
not impossible, as I have said (’07b, p. zo2) that they are groups 
of amoebocytes which are in part recruited from transformed 
collar cells and other tissue cells, such as pinacocytes (flat cells of 
canal walls), that have undergone regressive differentiation into an 
unspecialized amoeboid condition.” Maas (’10, p. 124) more 
recently advances the same idea. 
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In recent times the question of the de-specialization of cells 
has become a prominent one. Some pathologists as is well known 
believe this occurrence to be at the bottom of tumor formation. 
And in regenerative phenomena of many kinds it has been shown 
that cells lose their specific features, become less specialized, and 
re-acquire a capacity for new differentiation. Schultz reviews 
numerous cases in his essay on reduction (’08), In none of the 
instances, however, which he records as occurring in animals is 
there an obvious assumption of the totipotent character. Possi- 
bly this occurs in certain tumors and in the case of IVIoniezia 
reported by Child (’06). In Moniezia muscle cells lose their 
fibrillae and become spermatogonia, and it may be that this 
behavior is to be interpreted as a return to the totipotent charac- 
ter followed by a subsequent differentiation into sex cells. In 
the well known case first described by Driesch (’02) and again 
studied by Schultz (’07) where the excised branchial sac of asci- 
dians is remodelled into the condition of a stolon bud, which then 
transforms into a small ascidian, the cellular metamorphosis 
stops short in its backward path before the condition of totip- 
otent regenerative tissue is reached. In the reduction of starv- 
ing hydras studied by Schultz (’06*), the hydra body is greatly 
simplified, becoming a mouthless spheroidal sac. But in this 
sac the two layers, ectoderm and entoderm, persist, and although 
some of the cells assume an embryonic appearance, there is no 
obvious metamorphosis of cells into totipotent regenerative tissue. 
Still one striking feature of this case of reduction, is the great 
development of sex cells (male) which increase in number and 
ripen while the body in general dwindles, and it is conceivable 
that here, as in Moniezia, we have the transformation of cells 
into indifferent elements which then differentiate into male germ 
3ells. In the reduction of hydra, the spheroids eventually degener- 
srate and die. They do not undergo a regenerative awakening 
as in the case of the ascidian branchial sac. And this in turn 
may be due to th§ differentiation of the indifferent elements, as 
fast as they are formed, into germ cells. 

In a case of reduction in the coelenterates which is not recorded 
by Schultz, there would appear to be extensive de-specializa- 
lion of cells. I refer to the observations of Perkins on the larva 
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of the medusa, Gonionema (’02). Perkins observed that the hy- 
dra-like larvae of Gonionema after they had been for some time 
in an aquarium retracted their tentacles and became transformed 
into shapeless masses which had the power to throw out pseudo- 
podia and creep about. In such plasmodial bodies the original 
differentiation into layers and even cells appeared to be lost, while 
the nuclei remained visible scattered unevenly through the sub- 
stance. These bodies continued alive for two months and under- 
went repeated fission until owing to their diminution in size it 
became impossible to follow their history. It is possible that 
under favorable conditions these masses would have behaved 
like the restitution bodies of Pennaria and Eudendriura, and once 
more have developed the normal structure of the species. 

Regressive differentiation of cells undoubtedly occurs in sponges 
when owing to confinement or abnormal chemical environment the 
body gradually breaks down into masses of regenerative material. 
I have recently (lib) touched upon the question as to whether 
in these instances the de-specialized cells persist as part of the 
regenerative tissue. The latest accounts (Maas, 10; Muller, 
lib) indicate that while the choanocytes are absorbed, other 
d(yspecialized cells persist. 


4 

Eugen Schultz in a series of papers (’04, ’06, ’07, ’08) discusses 
a variety of phenomena which he groups under the head of ‘re- 
duction.’ Under this head he classifies such simplifications of 
structure as the norrhal cyclical loss of goiiada and associated 
organs in Planaria (Curtis, ’02), the loss of organs and cellular 
changes in starving planarians, the changes occurring in starving 
hydras that have been referred to, and the remodelling of the 
ascidian branchial sac into the condition of a stolon bud. While 
it is not clear, as Schultz admits, that all of these simplification 
processes should be regarded as belonging in one category, a con- 
sideration of them and of other cases leads Schultz to conceive 
of a phase in the life history of organisms which may or may not 
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occur according to circumstances. To this phase he applies the 
term, reduction, and he conceives of it as an inverse process to 
ontogeny. Under unfavorable circumstances a simplification proc- 
ess may set in, in the course of which differentiations that were 
acquired during ontogeny are given up in inverse order. Such 
an orderly retrogressive course of events may, like ontogeny, be 
disturbed by coenogenetic adaptations. In this process, the organ- 
ism acts as a whole, that is the course of reduction is determined 
not by a struggle for existence between the different kinds of 
cells, but rather the needs of the entire organism dictate what 
structures shall be sacrificed. The behavior of the organism in 
reduction is thus looked on as an adaptive response. What there 
is of new and old in these ideas, is sufficiently stated in Schultz’s 
essay ('08). 

Schultz’s theory of a reduction process may be applied to the 
behavior of sponges which give up their organization under the 
influence of confinement (Wilson, ’07a; Muller, ’lib) or abnormal 
chemical environment (Maas, ’06). In the monaxonid Stylo- 
tella, for instance, I have found (’07a) that the oscula and the 
bulk of the pores close, much of the canal system is suppressed, 
the skeletal arrangement is simplified, and the flagellated cham- 
bers for the most part broken up into their constituent cells which 
become scattered in the mesenchyme. At any time the sponge 
may be made to reassume its normal differentiation on transfer 
to better conditions. The passage of the body into this simplified 
condition, which is essentially like the winter state of some spon- 
gillidae (Woltncr, ’93), is obviously an adaptive response on the 
part of the whole sponge, which thus protects itself against the 
bad water of the aquarium, as the spongillid does against extreme 
cold. Moreover this simplified state is very similar to a stage in 
the metamorphosis of such a mass of totipotent regenerative 
tissue as a sponge gemmule. In them both we have a simple 
flat epithelial covering layer and an internal mass, which in the 
case of the gemmule is composed of indifferent amoebocytes and 
in the case of the 'reduced’ sponge is largely so composed. Or 
again it is much like the 'pupal’ stage (just after fixation) of those 
larvae of silicious sponges in which amoeboid cells split up to 
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form the choanocy tes.^ The stage then may fairly be looked on as 
repeating an embryonic stage that actually occurs, whether or no 
it be a coenogenetic modification of the more typical (palingenetic) 
course of development. 

In the later history of this behavior of sponges in confinement, 
etc., the sponge ceases to act as an individual. It breaks up either 
with (Stylotella) or without (Calcarea, Spongillidae) considerable 
death into numerous masses of totipotent tissue. If we are to 
apply the reduction theory here we must assume that owing to 
coenogenetic adaptation, the sponge body does not continue to 
dwindle and simplify itself until it reaches the condition of au 
egg, or an individual heap of blastomeres, or a single gem mule- 
like mass of totipotent cells. This would entail a tremendous 
loss of substance and altogether is a process which it is foolish 
to contemplate as a possibility. In the backward development of 
the sponge, coenogenesis prevents a too strict adherence to the 

2 Maas in his recent study (UO) of the cellular changes involved in the break- 
ing down of a sponge body into masses of regenerative tissue, views the phenoinena 
from a standpoint not strictly that of the reduction-theory. This is not the 
place for a discussion of Maas’ standpoint, but I may mention that he debates 
the question as to whether a fundamental similarity exists between late stages 
in the reduction of sponges and the ‘pupal’ stage in ontogeny and decides there is 
none, because in the former the interior is chiefly made up of amoebocytes and in 
the latter of immigrated ectodermal cells destined to become directly transformer] 
into choanocytes. There are still a good many unsolved problems concerning 
the behavior of the layers in sponge ontogeny, and among these, if we accept the 
current view that the choanocytes typically arise from the ciliated covering cells 
of the larva, is the relation between the typical pupae and those in which the inte- 
rior is chiefly filled with amoebocytes, or as I have called them 'formative cells' 
(’94), which divide up and form the choanocytes. My account (’94), it seems to me, 
established the fact that such pupae are exceedingly common in certain species 
rjf monaxonida, so common that I regarded them as typical. There is no doubt 
that in my work of that time the bulk of the sponges reared came from pupae of 
this sort. Evans in studying spongillas several years later found (’99) that the 
choanocytes not infrequently arose in this way, as I and writers before me had de- 
scribed in detail. The occurrence of suclt pupae cannot be passed over as patho- 
logical, and if we keep them in view instead of the type which is densely filled with 
small cells, the similarity between the pupal stage and the reduced sponge is 
obvious. Maas has some comments on larvae of this type in Sycons ('10, p. lOo), 
and is inclined to believe that they are to be looked on as individuals in which the 
amoebocytes have actually incorporated and digested the iiriinigrated ectodermal 
edements. 
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path over which the organism has come, by setting into activity 
a process of division. The sponge body in the simplified condi- 
tion above described may conceivably divide up again and again 
until very small masses result which then go over the last steps 
of reduction, transforming themselves each into a single embryo- 
like heap of totipotent cells. Or the division may stop when the 
masses resulting therefrom are still of considerable size. Or a 
division of far-reaching extent may take place which consists in 
the breaking of all ties, anatomical and physiological, between 
the component cells. Such a process would result in the virtual 
dissolution of the sponge body into an enormous number of 
independent cells, and these, or such as could, might then go 
through the last phases of reduction becoming totipotent. In the 
actual behavior of the sponges all these varieties of the division 
process are associated together in a complex and over-lapping 
fashion. 

When the division process leads to the production of independ- 
ent cells, these wander about on or through the old skeleton 
and are attracted to one another or to masses of reduced tissue, 
and so unite to build up or aid in building up such masses. This 
is a useful habit to such cells. In the body of an animal, since by 
hypothesis they are totipotent, they might conceivably through 
growth and division give rise to a group large enough to transform 
into an organism of that species. But out of the body or cut 
off from the possibility of growth, their only hope for life would 
lie in fusion. Only so could they give rise to organisms. The 
habit of fusion displayed by these elements being useful may have 
been acquired. More probably it has been preserved as an inher- 
itance from early ancestors. 

In the retrograde differentiation of organisms it is conceivable 
that there might be a difference in the path followed according 
as to whether the individual had its origin in an asexual mass or 
in an egg. Schultz in passing suggests (^07) that possibly some 
difference might be found between the reduction process of asci- 
dians derived from eggs and buds. Following out the logic of the 
theory we should expect in the one case to find stages resembling 
the free larva and egg, in the other case no such stages. But 
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such a difference seems one too good to be hoped for— coenogcnesis 
would surely not allow the oozooid to go back through the com- 
plications of tadpole larva and egg development. Even with . 
lower forms, sponges and coelenterates, it is incredible that the 
path of reduction would ever lead through the stage of the ciliated 
larva to an egg, which by virtue of its egg nature, in contrast 
with that of a simple totipotent cell, would again in its upward 
differentiation develop into a ciliated larva! It is indeed highly 
probable that coenogenesis would usually take care, in animals 
capable of asexual development that reduction should lead to the 
formation of bud-like or in other cases genimule-like anlages 
rather than to the production of eggs and sperm. The idea is 
that the bud with its quick development or the gemmule-like 
anlage made up of totipotent regenerative cells, unhampered by 
a tendency to retrace the path of phylogenesis and free to develop 
at once into an organism, would present a great advantage over 
an egg to an animal seeking, so to speak, to restore itself. 

It may be seen then that with some use of the coenogenesis 
idea it is possible to view the whole set of retrogressive changes 
undergone by sponges in confinement or under abnormal chem- 
ical conditions as reduction phenomena. Schultz’s theory it 
seems to me enables Us to get a better picture of the facts as a 
whole than is possible without it. Muller evidently entertains 
the same opinion, since he classifies (Tib) the changes in the 
spongillidae under the caption of reduction. 

5 

In the preceding section, it has been shown that the gradual 
breaking down of a sponge body into small masses and eventually, 
in part, into independent and indifferent cells may be thought 
of as a case of reduction, as a return to an embryonic condition. 
When we compare with such phenomena the forcible breaking 
down of a sponge or hydroid into elements which can live inde- 
pendently for a time and which unite to build up new organisms, 
it would seem that we have in these elements the same end result 
that is reached in the comparatively slow process of reduction. 
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The mechanical division of the flesh and the attendant stimuli 
(shock) apparently, in the case of the pressed out tissue, bring 
on the final stage at once. 

The same facts may be viewed from a somewhat different stand- 
point if we confine ourselves within the narrower limits of phys- 
iology. Child has just published an interesting essay- ('ll), the 
kernel of which is the idea that when a part of an organism becomes 
physically or physiologically isolated, there is a tendency for it to 
develop into a new whole, provided it has the power of complete 
regulation or in other words, is made up of totipotent material. 
(By physiological isolation, Child means the condition in which 
the part is cut off, through one cause or another, from the exchange 
of stimuli which maintain that mass of material as an individual 
organism.) Such a statement well covers the facts of the pressing 
experiments and the reduction of sponges, .provided, (1) we 
remember that the cells as they exist in the stem of the hydroid, 
for instance, are not at the time totipotent, but only become so 
by retracing their development; and provided, (2) we employ the 
category of tropisms for the union of the dissociated cells to form 
masses. 

Finally it may be of interest to consider the question, does 
any phylogenetic significance attach to the power of an organism 
to break up into small bits of indifferent protoplasm which then 
recombine? Did the early ancestors of existing animals practise 
such habits, which in modified form have proved useful and so 
have been retained? It is at least possible that the early organ- 
isms were amorphous masses of protoplasm. Assuming this, it 
is plain how useful the power of easy, quick division might be, 
from how many dangerous situations an organism might escape 
which had the power to break up into parts, these retreating from 
the situation independently, leaving perhaps dead or dying tissue — 
a ^*sauve qui peuf’ proceeding in short. But when we consider 
the difficulties besetting the life of very small plasiliodial masses 
of this kind,^ it is also plain how useful would be the power to 
fuse with one another. We may then conceive of these early 

® I have found that the very small plasmodial masses of sponges are at a disad- 
vantage cor, p. 257). 
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ancestors as creatures amorphous in shape and inconstant in 
size- According to local conditions and needs of the moment, 
the body divided or fused with a corresponding mass. The 
behavior of the totipotent cells which we have been considering 
may, for speculative purposes, be considered as a survival of such 
primitive habits. 

EUDENDRIUM. RESTITUTION FROM DISSOCIATED CELLS 

Species used. The common Eudendrium of Beaufort harbor 
is E. carneum Clarke (Mem. Bost, Soc. Nat. Hist., Ill, no. 4, p. 
137; Nutting, '01, p. 333). The most striking characteristic of 
the species concerns the arrangement of the male gonophores, 
which are ^Tour or five chambered, borne in a verticil around the 
body of aborted hydranths which are themselves joined to pedicels 
bearing ordinary hydranths, the two being thus borne in pairs 
symmetrically disposed on the branches" (Nutting). 

Experiment July 9. A clean male colony was chopped up with 
scissors into pieces about 3 mm. long and a mass of such pieces 
pressed through gauze in the usual way: the mass was laid on a 
.square of gauze, and the latter folded to make a sac, which was 
immersed in a watch glass of sea water and squeezed repeatedly 
with fine forceps. The hydroid flesh streams through the pores 
of the gauze and falls on the bottom as a fine sediment. A little 
is sucked up with a pipette and examined on a slide.- It consists 
of isolated cells and minute cell masses with some larger frag- 
ments. The latter are picked out. Fusion is observed to go 
on Under the microscope. The tissue is now transferred to watch 
glasses of fresh sea water in which it is shaken towards the center 
with the purpose of facilitating the fusion process, and the watch 
glasses are immersed in large bowls of water. Within a few hours 
time fusion in the watch glasses leads to the formation of irregu- 
larly lobed flattened masses, varying from a fraction of a milli- 
meter to about 5 mm. in diameter with a thickness of 1 mm. or 
less. Such masses exhibit slow changes of shape. All the mai5ses 
of any considerable size are later in the day carefully picked out 
with a large pipette and tonsf erred to fresh sea water. On sub- 
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sequent days they are transferred in this fashion three times a 
day. An effort is made to keep them clean and free of the 
bottom. On the day after their formation the surface of all these 
masses is smooth and a thin perisarc is to be seen round many of 
them. 

On July 13, some of the masses have begun to transform. In 
fig. 1 is shown one of the smaller from which an outgrowth has 
sprouted. The perisarc round the outgrowth, c s., is thinner than 
round the original mass, and in the outgrowth the ectoderm and 
entoderm are clearly distinguishable in the living object. The 
base of the body representing the original mass appears in life 
uniformly opaque. A number of the flattened larger masses 
are in the condition shown in fig. 2, which represents a part of a 
mass 6 mm. long by 3 mm. wide, of an irregular shape, more or 
less lobed, and partially subdivided into spheroidal nodules, 
a, 6, c, each with its own perisarc. A good deal of the mass is 
dead. One of the spheroidal nodules, c, has sprouted, and in the 
outgrowth, c s, the ectoderm and entoderm are distinct. In 
such a mass the living parts are easily distinguished by their 
bright color and sharp contour. The perisarc is distinguishable 
round some parts of the mass that are dead, but in other such 
places it cannot be made out. In the case of such large masses 
possibly the perisarc does not form round the whole mass. The 
nodule or lobe from which an outgrowth has sprouted is often 
not cut off from the general mass by perisarc. This is true of the 
masses shown in figs. 2 and 4. In other cases, however, the nodule 
that has sprouted is completely surrounded by perisarc and is 
merely imbedded in the general mass (fig. 3). 

Some of the more promising masses ahve on July 13 were iso- 
lated. Among these was the mass shown in fig. 4. The condi- 
tion of this mass on the next day is shown in fig. 5. During the 
twenty-four hours that have elapsed since fig. 4 was made, out- 
growth cs 1 has died, and the general mass from which the out- 
growths project is dead. Outgrowth c s ^ has however grown 
and bifurcated. One subdivision, a, adhi^^es to the glass like 
an orainary hydrorhiza, the other suhmvision, h, projecting 
upj>.|il the water and now ending in a- hydranth. The latter 
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not yv\ a(‘(jui]‘(Ml the clniractcfistics of tlu^ species, altliou^li 
(M)iisi(lr‘ra[)l(‘ <liff(‘r('nt iation has |ioJK‘ on. Nettle cells iti tho 
(Milar^ed tcnitaculai' ( mhIs can be nia(l(‘ ont. 1di(M‘Cto(lenn of c.s* 
lia< font rafted away from the' i)(M'isa?‘f, tljii'^ assuming the condi- 
tion common in the adult. In tlie (aitodermic cavity of th(‘ 
focnosarc a movamieiit of small spheroidal ])articl('s goes on con- 
stantly. Such [)artifles are perhaps remains of th(' int(a’ior of 
tli(‘ original mass, s(a’\'ing now as food mafei’ial. The specimen 
i> pr(‘S(‘r\’ed in tlu' condition drawn Tig, o). 

d'wo of the inass(\s (hat w(M'e isolatca! on July bh at that tini(- 
in (h(‘ condition of lig. J, ha\(' d(n'elo])e(l completely formed 
fiydi'anths on July lo. One of them is shown in fig. (>. The 
geiKM'al mass, /• .s, from which th(' outgrowth has sprouted. i> 
for th(‘ most paiJ dead, although it still iiiclud(‘s som(‘ splua’oidal 
noduh's, fL of bright orang(‘ color that are obviously alive. Tin* 
original outgrowth, c .s., is a hydi'orhiza, and its ap(‘.\ has a])par- 
(uitly di(Ml, foi' her(‘ ther(‘ is a I’cgeneration point, r p. A branch, 
a. asnmds in tlu^ water and beai’s the hydraiith. This has the 
charactei’istic shape and .size, the long slendei’ tentacles, lai'g(' 
liypostome, and bright orange eolor of the normal adult poly]). 
Th(* otlna- mass is also largely made up of dead tissucj but an 
outgrowth has suiwJved and become a hydrorhiza bearing two 
fully de\elo])ed hydranths like that of fig. (i. Both masses now 
pr(‘ser\'(Ml. 

Summing up. i( may be said iliat the larger nias.ses of this 
(‘xperinuMit. of tlu' genei'al chai'acter showm in fig. 2, ga\ e rise lo a 
number of coenosarcal outgrowths like those of figs, 2 and 4. 
In all. about thrive dozen such wer(^ obtained from July to 
July 20. .V good many were ])res('rve(l as soon as this state wa> 
reached. Fi’om the ot Iters that were kept for further de^'eIop- 
ment, three masses gave four hydi'anths as already recorded. My 
experienct' with sponges suggests that ex])osure to the natural 
water of tlte harbor w ould gi^'e a higher rate of survival and 
transformation. 

Along with the larger ])lasinotlial masses of this experiment. 
^’ery many small lunijts were formed, 200 to 300g in diameter, 
which became sttheroidal and in about one day after their forma- 
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lion ;i p(‘risun\ 'Tiu'sc^ snitill inassos adheiaMl so finnlv 

(o tiio j 2 ;lass that th(‘ \vat('i’ coukl l)o drained off wluai tlu* ji:lass 
was to a frc'sh bowl. I had (‘xpeeted that niany of them 

would ti'aiisfoi'in. As a matter of fact or*]y half a dozen (lev(*l- 
oped outgrowths, and th(^s(* w(M'(‘ short and in no case ji;av(' ri.s(' 
to a hydra ntli. These niass(\s remained alive b)r days. JVrhaps 
tln‘ir failiir(‘ to produce* hydranths was due to tin* small amount of 
maUM'ial makinji; u]) tlu* mass. 

F.xperiifH'ui July 1 f 'olonies choj)j)ed up and j)r(*sse(I throujih 
^auze 4 ]>.m. Tin* (issin* was distributed with the pipette in 
watch j^lass(‘s, on slides and co\'ei-s, and all wena* immei-sed in 
lar^e* bowls of water. Tin* tissue* from the start had a bad color, 
not orange* but a dirty brown. The* coleinies 1 usenl we*re pre)})ably 
not e‘leaii (‘tiou^h, and p(*rhaps too much Pei' 0 ])he)ra and j)ther 
organisms inlestiim the hydroiel ^ot in the {‘ultun*s. All of th(*se 
f)r(*parat ions die*d Ix'loia* the tissue* (‘ven r(*a(*h(*d the* state of 
smootli compact mass(*s. 

A’.r/n r/c/c/d J tdjj /■>, (’olonie^s, some* with inah*. some* with 
f(*mah' ”()no])hor(*s, olhc'rs without j!;o!ioph()j‘es, wau'C i)i‘(*sseal out 
at 1 |).m. Tin* tissue* is handled in t*ssentially the way des(‘nbe(I 
lor Mxp. ,Iuly i), and at 7 p.m. fusion lias led t(* the* formationof 
llallene'd plasinodial masses and lumps of all size's. The (‘olor of 
the* mass(*s at this time is ji;ooel, re'ddish-orange, ainl the surfaces 
are not far fi'om smooth. But on the following- day much of the* 
tissue* is de*ad. .Many of the noduh's and lobes comjtosing the 
lar^e'r mass(*s show, Imwever, a thin perisair. The niass(,*s inclinb 
ing noduk's of li^’(* tissue* ai‘(* transfeia'ed to fre^sh sea water. Th(* 
masse's ^raelually die*el oi- when neniuk's re*mained alive th(*y 
(*xhibit('d no e-hant^e. continuing- in a doi'inant condition. In 
this and most of the subse'epu'nt expei'iments I feed satisfied that 
tin* cause* ot tailui’e lay pai’tly in the fact that too much tissue was 
pre'sse'd out. This made the first steps in the handling- slow and 
the aji'g'n'gations of tissue teee) large. 

K.r/)(’nfnvnl J abj fS. \ ck'an colony was pressed enit in the* 
u.sual way in watch glasses, tlie cells settling e)n the botteun. 

’ l h<* records o) wvy unsucc‘('.‘^sfnl c\])criiii<'nis :n‘c giv('n it) (})(* ('xpcctc- 

tioii that fticv may sai’vc lo point out Ccaliin's in the imsliod of ticatmcnf whicli 
ao' lo !)(' avoided. 
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Tliesc* iirt' allowed to stand about lifletui minutes, dui’in^' winch 
time they an^ shaken to tla^ {‘(mha* a couple of times, d'lu' 
^'lasses are then transferred to Itowls of waUa-. l-'inca* s(vlini('nl 
floats off. but th(' eoaJ‘S(a' clink's to fli(‘ bottom, .\fter ten min- 
ut(‘s th(' glasses ai‘(‘ reinovaal to fr{‘sh bowls. A^'ain some sedi- 
ment is lost, but not mu(‘li. ddi(‘ peripiuu'al s(‘(lim(‘nt is now 
<iently dislodged with tin* pip('tt(\ and heapcMl uj) Pevards the 
e('nt('r of th(' ^’lass. .\fj(a- an hour tlu^ lissu(‘ is suek(Mi up with a 
lar^'(* pipette, an (‘ffort l^ein^ made not to iua'ak it up more than 
is nee('ssary. and d(‘posi((‘d on bottoiu of fr(sh 1 h)w1s in lu'aps 
\ to 2 mm. thick ritid a])out b mm. in diam(‘ter. d'lie tissm' was 
later oi^ a^ain trausha-red in the sam(‘ wa> . d1a‘ t<'eliui(|iie of 
this expt'riuumt |)ro\aMl wront>;, fo?' on tli(‘ lu'xt day most of tlu' 
tissu(‘ was (k'ad. Pi‘obal)l\' thc'rt' was too mueli handling, and 
lh(‘ heaps made w{‘r(‘ too juassixaa 

ExfieriuK'nl J iilij U). ( 'olou)- pf('ss(>d out l[;d()a.ui. Tissm- 

(‘oll(M‘t(‘d in Avateli "iassc's and shakcm to e('nt(>r after t('n miiiut(‘s. 
(Hasses transf(M‘i-ed to bowls 12 m,, and attain lo fresh bowls 
I [).m. ( dass('s now r('nio\'ed from bowl and with pip(‘(f(‘ th(‘ 

tissue is t ratisf(a‘red to frtsh wa((‘h itki^^ns of water and lher(‘ 
d('p()sil(al ifi heaps about b mm. in diametfa- and \ mm. tluck. 
The juaterial is now coarsely lumpy, showinji' (hat fusioji has j^oiie 
on. and tln^ lu'aps are thereffjia' porous, not dens(‘ and coni])act. 
(dass(s transferixal to frt'sh bowls at 1 :20 i).m. »'<mtly so that tla^ 
lissu(‘ ag.’^r(‘g;at ions ai'(' t)o( (listurberl. A^iin s<j tiansf('rred at 
b p.m, 

Th{' coh(M'('nc(' and slow (‘outraelion oi th(' hi'aps ol tissm* is 
duAvn by fh(* fact tliat at b ]).m. tlu'y have cui-l(‘d up slijihtly at 
lh(* (mI^c !ind are Jiow fr(*e (jr nearl\' fna* from tlie bottoju. In 
this (amdition the h(*ap or cak(* ('an b(* puslu'd witli tin* pi])(*1t(' 
over fh(‘ bottom. Only tlu* thinnei' h(*!ips ha\'(* this amount of 
coherence to beliave in this way tiny slioidd not be (jv('r ] mm. 
tliic'k, (dasses transleri'cd to fr(*sh sea wat(*i' at o j) m. and at 
7 p.m. 

On tin* next day (lu* I'csiilt was disai)pointint»’. Most ol tin* 
material was dead. Soiiu* of tin* snialh'r cak(‘s w(‘r(‘ howev(a' 
aliv(' or alive in placets, and had (kAa*Iop(*d a [xaT'^arc. One ol 



H. \'. WILSON 


:^()0 


th(‘S(‘ is shown iii li^'. 7. such w(‘r(* pi'csfu-ved for s(*ctioiis, 

Aj»;ain I attributi^ the failure, coinpai’ativoly s])eaking, of this 
{‘Xpca’inicnt to too much handling and to tlu^ fact tliat heaps of 
too lai‘g(‘ a siz(^ W('r(“ made. It must be borne in mind that 
wdaui any consid(‘ral)le part of the tissue di{s during the first 
day, lh(' survixing niassf's hax'ing br‘(m infect(Mi have a pooj- 
(‘haiKM' for flirt lier growth, 

E.rpvrinH'td Juh; ( oloni(‘s pi-(\'<sed out 3:10 ji.m Only 
tops of cl(‘aii colonii^s \\m usi'd and female gonoplioriN were 
mostly ('X(‘lud{Ml. Tissia^ (‘oll(M*ted in watch glasses and ti-aiis- 
fernal to bowls, about as befoi’is At 7 p.m. tissue' was (‘oarsely 
lumpy, showing that fusion liad gone' on. It was Iransienre'd to 
bowls of fi'('sh s(‘a wat('r and (h'positeal in ai'oas 7 mm in diame'te'r 
and \ mm, thick. Tissue iK'ai’ly all d('ad the lu'xt day. 

KxjH'i'nuctil -hilij Jr), d'ops of {T'an inaU' colonies wt're* ])r('ss(‘(| 
out at 3:30 p.m. .\t 7 |) m, tissue' was sne-keal up with pijietti* 
and distfibute'd in fri'sh bowls to form thin arenas about 10 mm. in 
diame'te'i'. Odu'si' are'as soon be'emmc' ti’ansforme'd into i'(‘tie*ulai- 
slu'e-ts having consideu’able' cohe're'iicy. OOie'y be'conn' fre‘(' m- 
iK'ai’ly freM‘ from the' bottom, aiiel some' curl u|j sliglitly at the' ('dg(' 

indications of f'ont rae't ion. Aiiothe'r se't of pi‘<'])aral ions we'iv 
made' at the' same' time anel tre'ate'd in same way. freim the' teips e)f 
female colonie's. This tissue' teio we'iit se) fai‘ as tei form ]*('(icular 
slie'e'ts of eauisiderabh' e'ohe're'iU'W Fmt on the' folle>wing elay the 
tissue' was pi-ae'tieadlx' all de'ad. 

Uvjx'ri tui'ul Juhj J.~>. -Male' aiiel lemale' colemie's we're- jire'ssod 
lait at about 2 ]).m. 33ie' tissue' colh'e'teal from e'ae'h colemy 

w;is k{'])t by itse'lf. One'-half hoiii' afte'r pre'paratieen. the' tissue 
which had be’e'ii sepie'e'ze'd out in wateT glasse's. was sliake'ii lei the' 
(‘('tite'i' e>f the glass, anel the' glasse's were 1 raiislej’re'd lei bowls, 
d’he glasse's we're' 1 ransleri'e'd to fre'sli se'a watoi' at inte'rvals oi 
twei Imui's until 0 a, m. on the' ni'xt elay, Idvi' hours iifte'r ])re']v 
aratieen the' tissue' hael uniteal to form thin slaa'Ts. which soon 
be'gan tei e'rack e'X'iele'iitly owing to a process of ceentraction. 
Tlu'.se slu'ets of tissue' howe've'i’ went no furthe'r in deve'lopnu'nt ami 
on the next day we're' de'ad. 
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111 the ])eri])lienil ro^ioii of (’.‘K'}! watoli ^lass nuiiiorous sin:ill 
masses of tissue, a fraction of a milliinet(a‘, foi’imal. an‘ 

alive on July 2() and show a smooth (mtitour. They an* still 
alive on July 27 and now ]ia\e an olnious ])erisar{‘. Many of 
them cling' to the bottom, but many an* fi'e(* and an* }i(*ld togetlua* 
in loose, thin, flat aggregations by debris and tlu* [lerisarc of (haul 
tissiKv On July 2S and 2!) most of tlu*s(* masses ari* still alivi* and 
a dozen have sent out coi’iiosarcal outgrowths. S(‘V(*ra] are 
-hown in fig. S. A litth* gi'oup of mass(*s all int(*rcomu'ctcd is also 
shown in fig. b. 



I'i}!:. 7 lAiilcndfiuni. lU-.'tii ui ion U\ cui vOnnr Intnr- old. <r Ik ' . 

lolics of li\dn<<; C, r.. do.'id [M'l-isai'iv .s IdO 

l''.r peri mcHl J tibj 27, \ ch'c.ii male colony pressed out a( I :h’) 

p.ni. in a watch glass. JhssiK* uas sliak(di to c(‘nt('r allta' a h‘W 
minutes, and tlu* water in watch glass was n*n(*wed alt(*r tin- 
tissue had oiua* more* settled on t la* bottom. The t issue was t lu'ii 
distributed with a large pip(‘tt(' o\'(*i' tlu' bottom of two watch 
glasses and slud^en to cent(*r. In (*acli watch glass a C(‘nlra] 
coIl(*ction of tissue Is thus foi‘m(*(I in tlu* shape* of a thin anai 10 
to I “) mm. in diameter. Oulsiih* of this ar(* scattoid'd many small 
lumj)s, 1 mm. and less in diameter. Tlu* glass('s an* ti'anslf'rn'd 
to bowls 3;d() {).m. Foui' siu'h cultui‘('s wen* n)a{h*. 
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At ') ('ohcrciit CMk(‘r^ of opcMi. texture have 

Ikmmj forriK'd. Th(‘se ar(* fr(‘(‘ or tu'arly fr{‘(‘ from tii<‘ bottom, 
'riiey an^ (ransf(a'i'(‘(l with a hirti(‘ j)i]K‘tt(* to fn^sh howls of w'at(‘r. 
At 7 [), m. an- ati;aiii 1 ransf(>rr<‘(l, and s('\a*i-al ar(^ cut in pieces. 
They hav(* a tt,‘(><id color and ar(' ol)\’iously alivm On th(^ n<‘xt 
day many of lli(‘ cak('s are still ali\'(‘ and ha\’(^ fornu'd a jxaisarc 
o\'<'r much of th(‘ir sui“fac(n W 1 i(M'(' lh(‘ p(‘risarc has foruKal. th(‘ 
ificlude(| lissm“ is uniformly oparjia^ and by refhaUed li^ht a])]xau“s 
distinctly orati^'(‘. Tin* formation of the p(a‘isarc cuts out, I 
tliiiik, such nmss('s as pi(M‘{‘s of ^‘onopliores, t(aitacl{\s. atul liy- 
draiitlis, from th(' un(liff('r(mliat(‘(l mass, round whi(*h it forms. 
(iotiophor(' and tentat'k' fra^nxMits ar(‘ to b{' sure soinelinu's 
partially surround(‘d by the ^rowiii^' (fusing) massj's of tissiK*. 
from whi(‘h th(‘y may l)(‘ s(Hm })roj(a*tin^. IMit probably a con- 
sid(‘rabl(‘ j)arl of (aicli sindi mass di(\s. and with it tin* fra»;m(mts 
of ^oiiot)hor('s. (‘tc. 

On July 2b most of I h(' tissia^ is (haul or' dyin». I^actraJa and 
infu.soi'ia arr* alnnidairt. XoduI(‘s of ]iv(‘ tissiu' surrr)unded fry 
pei-isar-r* occur imbedrh'd in the ^(‘iK'i'al mass. In som(‘ ol th(‘ 
disiiitr'f^rat in^ (‘ak('s tlu' arran^'CMiK'nt of tlu' pta'isarc is much 
plaiiK'r than it was wlum tlu' whok' cake was alivia It may now 
b(' s(H'n lliat th(‘ p(a'isarc was scTretrai round compact nodules. 
k)b('s, and anastomosing coi'ris. All such are intr'icat(Jy conibin(Ml 
with debris and tissue that mo'cr s('cr('t('d ])(‘risarc to form tin' 
^itx'iKM'al mass. 

.VII th(' lai’ti’ra' massr's soon di<Hl. Hut a ^ood many of tin' small 
lum}>s that la>' in the out('J- part of tlu' watch j 2 ;lass, away from tin' 
(‘(‘iitral cak(', wr'ia' still alixc on .August I. Several of them by 
this tirin' had spi'outed (‘oenosarcal outjii'ow'ths. ainl were essc'ii- 
tially lik{' li^. 1. although in soiik' instances the mass had tiiveii 
rise to two ofipositi' outti'rowths. 

Tin' practical j)robh'm in liandlinti: this tissin^ seems to be to 
^(’t masses lar^e enough to pi‘o\'ide the ne(*('ssary amount of mat('- 
rial for hydi'anth devc'lopment . and yet thin and la'ticular eiioutih 
to expose all pai'ts of the mass to tin' wat('i‘. Small massi's. a 
fraction of a niillinn'tei' in diameter, are miu'h easir'i- to keej) aliv(' 
than lai‘^'(' masses. 



l^KH.W'foi'I OK I)Iss(k'IaTKI) 





I'm. ^ l-Jifif'Diii iiini . (hmip III' t c-t ii ul in?) tlirrc ihiys ohl; iwu slill 

: fine wit f) a cocnosa I'a.il imii i It. ( <.: one will) t wn such nui }i‘i‘()w1 li>. 
'iji, |n‘i'irs!(fc nl' ni.'iss; v. .space [jciwetai niiciual mass timl its piui.sa fc. 

OiIkm' IcItiTinp; a-; hi'fovc, X ln(l, 

I'ifi. !i l^iulctidriutii. Tiirc'c rest it til ion masse, - iiitetn'otineej e<t. jour ilays old ; 
t u () masses with ('(xaiosa real out y:ro\\ t hs, r<; r-s, ceitf r;i 1 pari (»f oiijiina 1 r(‘st it ut ion 
mass. Other let tf'riiiK ns liefore. X l*0. 

h\rj)criifi(‘nl , /. ^ 'oloiiy prcsscHl out :it p.in. TissiK' 

in coniparatively aiiioiiiit is polIpcttHl in watch ‘i)ass('s and 

allowed to s('tll(‘. \\al(‘]' is ^(miIIv di'awn off and fr(*sli addeal 

without distui’bin”’ tl)(‘lay('i‘of ‘s(aliin('nt’ that clink’s t o t h(‘ hottoin. 
(dasses transfen'j'd to howls afttu' thirty niiniites: 1 ransf(MT<'d 
aj!;aiii h p.ni. On llie following; day all th(‘ larti'id’ niassc's d('ad or 
<iyin^. Many of tlu' very small nui.s^c's an' also (haul. Still 
there are very many small niass('s. a fraction of a inillim('t('r in 
diameter, that ai'e ali\’e. 'rh('s(' ar(' more or h'ss spheroidal and 
covered with thin |K'risarc. sonu' attaeh('d to bottom of ^»;ia^s. 
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s(wiH' to coviM’ ^hiss(‘s thill had biaai put iu tlio watch ^lassi's. On 
August d niiuty of t[i(*sc masses ai-(‘ still alive, siUTmiiuled by ])eri- 
sar(‘. but they liii\'(‘ not thrown out coeiiosarcal jirocesses. 

In this ('xperiiiKUit a small amount ol tissue was pressed out. 
an<l until the diUails in tlu^ naUliod ol' treatment ai'e more precis(*ly 
mark(‘d out, this is ciulainly a safe ste[). It will be noticed that 
thf' tissu(‘ was hdt /// .silu wh(U'(' it was first deposited on th(‘ bot- 
tom of th(' Tfi(‘ rc^sults indiiaite that this is not a Kood 

method for tlu‘ larkin' mass(‘s. And y(‘t it scauns desirable foi’ 
th(‘ tissiK' to (“stablish soiiK' coniKaUion with th(* bottom, and this 
it will not do if dist iirbial and dislod^ial too niiu'h. ddu' ex})(U‘i- 
meiit ria'ords show chairly what a ji'ia'at influenc(oa])parenlly slight 
diHei-(mc(‘s in th(' triaatnuMit had on th(‘ vitality of the fusion 
mass(‘s, ami how much in tin' dai'k 1 rmnaiiUHl as to whatdiUails 
wer(' good, and what bad. 

I'^r/irn'tnc/tl Angus/ A <i. ('ohiny |)ressed out at 4;lb j).m. 
4'issu(‘ ('olhaUf'd in a watch glass, shaken gently to tluMamtiu'. ami 
watfM' ehangi'd smi'ral tinif's. I'ach time th(' tissui' being stirred up 
eoiisidei'ably by t h(' pi])(4 1 e currmit . ( Hass transfm'iaal to l)owl d 

p.m.; t I'anslerrial again t) }).m. 'Tissm' doi’s not cling to tlu' 
bottom, as it dix’s wlii'ii left undisturbed where it first settled. 
\( 7. p.m. th(‘ tissu(M*olua“(‘s sutrumaitly for pieci's to nmi. wiih' 
to b(^ siK’kial up willi largi' pipiMtia Othia’ snialha* jiiiaa's about 
1 mm. widi' ari' suckial up. .Ml 1 ) 1 (H‘('s aia^ thin, about I mm. 
thi(‘k. 44u'S{^ piiaas. forty-[i\-(* in number, ar(‘ scattmvd ovia* 
llu' bottom of tlu'iM' bowls. 

On .\ugusl :> at b a.m. tin' inassis^ are alivi' and of good color. 
SoiiK' ari' fnaa soiik' slightly att;u‘hed to thi' glass. The latter ari' 
frei'd and all ari' gimlly traiisfm-riMl with largi' pijKUte to fn'sh 
ImiwIs of watiu'. 44n\v resmnblf^ tlie Pmmaria mass shown in fig. 
14. Examination shows that the fxu'isai’i* has foiamal o\'ei’ ]>arts 
of many plates, but in other places while the surfai'e of the })late 
is smooth, no perisai’c can ))(' siaai, hi still other placid tli(‘ con- 
tour is rctiigh. th(' pm'iphery Inu’i' consisting of rounded cells. Bac- 
leria are pi’i'siml, hen' and tlu'n' in swanus. but not much of tin' 
(hsiu' is d('a<l. 
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On August 7 a good deal of tlu* tissu(‘ is luiw d(‘ad. Hut a 
lai’ge niiniber of tlie pieces include lobes and laalules of living 
tissue surrounded l)v pensai'(\ Two of the plat(‘-lik(‘ inass('s 
show each a coenosarcal outgi’owth of coiisiderabh^ haigth. about 
like those of fig. 4. On August <S two otlaa- masses show ('ach a 
similar outgrowth. On August II another mass has ilevi'lo}>ed an 
outgrowth, which soon b(H“oim*s sickly, losing its well marked 
layers and d(w eIo])ing in the interior' iiumtM'ous dark masses. On 
August 11 t\vo other jheces show ('ach a co(mosarcal outgrowth. 
Th('s(' outgrowths ai’e horizontal and cr(a‘ping and (‘aeh b(‘ars a 
verti('al branch. Both ar(‘ sickly as is shown l),v th(' fact dial tin* 
hnan-s ar(' not evervwheix' unifoi’iniy diHei-cail iat('d, but in [ilaces 
ajipear to be brtaiking up. whik' in otlna' phua's tin' tis<ue is 
densely concentrated. 

The method pj‘actis('(l in this (^\)){’I■il^Hmt is e\’id(Miily good and 
y(U too mucli of th(‘ tissiK' di(s^ haniiig th(' sui'\'iving mass('s slow 
to Iransfoi-m. In the ho])(' of stimulating th(‘S(' massi's they 
w(‘re givtai a lib('i*al supply of jun'i^ oxygi'ii on .\ugust (), but with 
no di.<coverabl(^ la'sulis. 

W Idle an effoi't was inad(‘ in this and the otlua' r‘\j)eriments to 
pick out pi('(‘es hu‘g(^ (mough to be distinguished with tlu' eye. 
>om(‘ j)ieces of g()nof)lior('s and 1(‘iitacl(‘ tragmeiils j'emain in the 
(-ultures. SoiiK^ of tiu'smare in(a)?'poi'at(Mi by t h(M)Iasmodial masses. 
Many otliei’s undoubtedly dir' without txmig incorporatc'd. 
Allot h('i‘ structure too d('s(a'V('> mention as being oi'casionaily 
pn‘.<(ait in the fudtui’i's. In (‘utling up tin' hydroid, many 
hydrant hs are snipped off at tlu' \’ery basis Some of tlnse gi't ni 
till' eultiiri's and esc'ipi^ iiotiias 1 lia\(' found that whim such 
hydi'aiiths arr^ isoiatial a proei'ss of r(Hluction taki's plae<‘ analo- 
gous to that deseiibi'd by Selniltz for hydra '’(Ifi). the hydrant h 
gradually becoming in tlu' eoiii'si' of a lew days ;i niouthk'ss 
'])lieroidal bod}'. .Vpparmitly sueh a ])ro(M'ss goi's on in thi‘ 
pi*('ssed out cultures moi’i’ rapidl}. for oecasioiiall}’ splu'roidal 
bodi(‘s an' seen ijuitr like the i-ediici'd h}'dranlhs just niern'd 
to. i ha\’(' lnoreo^a‘J' sevc'ral tiiiK's louiid sueh a l)od}’ ('inliraced 
by a pltisniotlia] mass. M li(‘re Itodii's liki' gonophorts. tiaitai'le 
fragments, and I’ediieed })}'draiitlis ior tlu' bodies that look like 
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sucli i bcfoHK* siii-i'<)iiii{i('(l f)y tlH‘ i)lasiH()(lial tissue, it is a (luestiou 
wliat l)eeon)(“s of As aln^ady saitl, tlu^ fonnation f)f tlu' 

|H‘ri>are. 1 aui iiieliiK'd (o tliiuk, cuts out such }) 0 (lies fi'oni the 
conij)aral ix'f'ly hotno^(“n(>ous niat(“rial I’ouud \vlii(‘li it foniis. 
Picture's ar(' sonant iiii(*s had \vhi(di indicat(‘ that [)Ossil)ly such 
f)()dif‘s ar(^ attacked hy tlii' plasiuodial tissiue lh(' la(t(U* invading 
and al)sorl)inj>' tlK'Ui. A^ain a sti'ay fra^’nieut of stcun pcu’isarc 
from tti(' colony us(‘d nia>’ tix^t into tiu' (uiltures. and if some of ilu‘ 
coenosai’c has lieeii loft insid(\ il max’ ff)rni a i'('j>('neration knob 
at (Hi(‘ end ol the j)if‘ce, I ha\a‘ s(‘en a ])i(M*(‘ oi' two of this kind. 
Such a fra<^'ni(Mit ini^ht xa'i’v w('ll i‘(^^(‘nei‘ate a hydrant h in the 
nn({st of tlu* })lastnodial niass(‘s. lint fi’a( 2 ;m(aits of this sort ar(“ 
('asily (list injinisluai from th(' f)lasmodial masses oi' nodules of 
tile lattm-. 

J'.'j'jH'rtfNcitl An(/i(sI a h. A colony was presscnl out and tlie 
lissiK' :ilIow('d (o s(‘t tl(' on a voxcv ^lass inim(M's(al in a watcli ^iass. 
In traiisferrinj>, (h(‘ (‘oxau* ^lass was always kc'pt in the watch 
^lass. and tlius (h(^ (issue was not diia'ctly (‘Xjiosed to the air. 
The matei-ial s(*ttlin^ on lh(‘ {*o\a‘r soon transfoimied itself into a 
multitude' oi small, moi'i' oi* less sphei'oidal masses, a fraction of a 
milliiiH'tei' in diaiia'lea’. They went so far as to form a perisarc. 
A lar”(' num})(M‘ of them died altout oiu' day after pre]taration, 
bill many remaiiK'd alive foi' days; were still alive on Auttnst 1). 
TIk'v had not s('nt out coeiiosai’cal outti^rowths. but as was learned 
lat(*r trom sia'tions ilu' or-i^inally solid mass in se'veral cases, 
perhaps in all, had d('\'('lo])ed into a sac, the wall of which was 
made* up of (*(‘tod(*rm and (*ntod(*rin laye'rs. 

In the same* way on August 2 tissue was allowed to settle over 
tin* bottom of a watch ”lass. forming a veiw thin deposit, (ireat 
nuinbei's of small lumps formed which had the same history as the 
abo\'(*. It is (juite* po.'^sibk* of coui'se that a few of tlu'se lumps se'iit 
<iut coe’iiosarcal outti'rowths, hut that such escafted notice. 

Sufiinuinj. h]l(*v('n (*xp('riments witli Kiuh'ndrium were made*. 
In all {'xpe'riments fusion led to the formation of plasmodial 
masses. In ei^ht exp(*rime*nts an e*xtensi\'e formation of ])orisarc 
took })lace. In live* exjiei’ime'iits numerous small masses with 
perisarc. which r(*main(*ei alixe* foi* days, wcj'e formed: in three of 
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rhes(‘ experiments several of tlu^ splua'oidal masses s('iit out 
foenosareal outgrowths. In two expei'inuaits a (‘onsi<lera})le 
number of eoenosarcal otit^Towths were olUaiiu'd from noduh's 
of tissue' which liad I'emaimal alive in e(»mparativ(‘Iy hir^e Ilal- 
tened plasinodial masses, and in one expe'riment tlu'se out.Ltrowths 
^ave I'ise^ to livdi'anlhs, four in numbei’. 

The first experimojit, .luly 9. was much tin' most suecessfid. 
in those' that folh)wed a common e'rroi' undoidele'dly la>' in ('n<l('a\'- 
orinji; tee handle too much tissue. Hut ov('i“ and abo\-e that ihe 
waten' ^a'ew \Aarmer with the a.eh'ancin^' se^ason ami the Kud(*n- 
elrium colonies p(U’hai)s became' more' abimdantly inlesteMl willi 
protoze)an ectoparasite's. 

The' techni({Ue in ^eneivd of tlie'se' ('xpe'iiim'iits is e'spe'cially 
faulty in that, ( 1 ) il allows parts wliicli inust die, (e'ntacle and jJ!;on- 
o])hore fi'agments, to ^et into tlu' e'ultures; and, (2) il subjeeUs 
massc's of tissue tluit evidently nevd the' Ix'st e'nvii-onine'iit to tlie' 
hai-mful influences of epiiet water in a laboratory elish. Small 
‘fauze lloats kept at tlie top of a running aepiarinm we're' u.se'd, but 
with no success. Wit pre)bably if tlie' culture's we're' plae*e'd oui- 
side in the harbor water, they weudd ele) he'tte'r. As to me'tlieKH, 
the following may be aeleieel tei what lias alre'ady be'e'ii saiel; 

Oidy cleuiii colonies eir pails of ceilonie's slmuld be* iise'el. II the 
whole hydroid is use'd 1 believe' that ceilonie's without ^onoplmn's 
are the be^st. and those with female gonoplien-e's (he' worst. Ste'in 
tissue would pei'haps be better than that eif the' whole' ce>lony. 
fare should be tid^ou to alleiw tlu’ cells and small limijis to cohe-i'e'. 
and not to lireak up the cohe'riii^' tissue at first ineire than is iie'e'es- 
sary. It is well to ^et the tissue in conpiaratively small ])ie*e*(‘s a 
fe'w hours after preparation, anel in fresli elishe's away from the 
eirigliial surface of attachment. If the masse's e)f tissue a few hours 
after pi'eparation a])pcai’ seift and pasty, tliey will jirobably not 
live. Tliev sliould show a ^ood coleir, ab.sene'e' e>f the* chai'acteris- 
tic ceileir indicating presence^ of dirt or infesting*: animals. '1 he' 
pmze (silk lioltin^ cloth), usually u.seel runs oO me.she's to 25 mm. 
A cloth running about 75 meshes to 25 mm. was also used. I In' 
•'^ca water was well aerated and filtered. An effort was made te.i 
pick out from the cultures all coarser particle's, such ns pie'ccs eet 



hydrant lis and ^()n()plHH’(‘s. tliat (‘ould hrsfaai with thenv(\ d'lu' 
lis>u<' was usually i)r(‘ss(‘d nut and k('|)t in solid watch p;lass(‘s with 
a cavity oO mni. in dianu^t(‘r and 10 nun. dc(^p. These wtu’e ini- 
niei>etj i?i crystallization (iislu's 200 to 2r)() unn. in diameter or in 
fin^(‘r howls of about 120 inni. dianifUer. Dishes, instruments, 
and <!;a\iz(' w('r(' thoroughly cleaiKHh but were not sterilized. 
iN)ssibly st(‘rilization in hot wat(a' would be advantageous. 1 
lay (‘ni])liasis on tin* t(‘chni(iu(' of tin' (‘X])(M'iinents in the ho]u' that 
it may b(' iniprov(‘d b\' otlnu’s. A\'ith a more certain technif|U(‘ 
this iiK'thod of growing hydi'oids ought to lend its(df to the ])ro“ 
ducti<m (d' hydiTls, as I Inive suggest(Hl ('07b. 'llbj for sponges. 

Ilislifliufiral .slud/j of the rc.stilulion oiasseH of Eudendriuoi 

O/rserm/m// rca)rd, July 27. At 4:20 p.m. a drop of the Jhiden- 
drium tissiK' was s(jueez('d directly fi'om the gauz(' sac on to a 
slid('. A supported cover was f)ut on and slide examined at onc('. 
Tlu' (iuid contained (juantiti('s of s(']xu‘ate cells In addition 
ttu'i'e W(‘r(‘ pr('srmt a hnv small masses each consisting of several 
('('lls. All tli(' {*(41s wow about s])hpiH)idah but they varied a 
gn'at deal in siz{‘. Sonu' contained abundant lugment granules, 
otlu'i-s a f(‘w, and othei's were (|uit(' transjxirent. Four type's 
could be distinguislu'd, all of wliiedi wei-(‘ al)undaiitly repn'semte'd. 
but pk'iity of ti-ansitional cells conneeUing these types were also 
pr(‘s('nt. The type's ai“(‘ slieuvn in fig. 10. u. /y c, d. ('ell a is 
we'll lilleal with ])ignient granules whiedi ai'^iaxtr ])rownish red l)y 
1 ransmit teal light, ('ell b contains similar granule's, but tiu*y are' 
fe'w in number. ( 'ells e)r particles c and d are transparent and euther 
without pigment or shmv only a faint granule or two. The slide' 
was ke'pt in a moist chami)er anel examined at intervals few fe)ur 
hours. The' fe)rmation of numerous minute masses each consist- 
ing of a few cells was e)bserved. These grew large through fusie)n 
with e)ne anotliej' from he)ur te) houi’. At S p.m. a fewv plasmodial 
masse's of e'oiisielerable size were present, the largest of which 
me'asure'd about dOO^ x oOju. This was a thin flattened, sheet-like 
mass having an irregular otitline. Fts general body was e)i)a(iue. 
but the peripheral part was thinne]* and here it could be seen tliat 
all of the four ty|)es of (‘ells enten'd into the coinpositi(ui of the 
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muss. .Vt this time. S p.m., miinerous sm.ill plnsiniKlial massifs 
grading (l{)\^■Il to a^‘^r{‘^at(s of a fiAv (a'lls uia-e also preseiil. Jii 
many of tinse too the four types of (a'lls eotild Ik' distin^uishi'd. 
Mmdl\’ in the preparation at tins time' llan'e still nanained (|uan- 
tities of free cells. In this pr{‘i)aration thi'ri* no hits of pm- 
faeh's. ^onophorcs, or foiaa^n particle's. 
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V'liL. 10 Ku(i<‘iidi'iunj. Klern(>ni.'; of the [)rrss(‘i| cm! / 700. 

Fiji. II ]'ji(l<‘iHl!'iu!!i. IViiMi n ihroujih o lolj<' of ilif' Jn.’is.'; .^Itowii in 

li<:. 7. i'll, ciiidoldust ; frc'c coll; /k perisarc. X 1'3K>. 

from Hladij of mdion.'i. TIk' plasmodial ma.s^ .^hown in 
7 was abemt twenty-four hours old wlien piasei’vod. A part ol 
it had ali-eady tlied, but there Avere three lart^e' loltes of ]i\'inf>- tissue 
Miri-ounded l)y an obvious pe'i’isarc. These loins wt're found to 
ajiree in stiaicture. Part of a section through {ine of tluin is 
sliown ill fig. 11. Ill the interior of the lobi' there atv niinn'roiis 
cells wliich seem to lie free, that is the l)ody is well (kdimai all 
round. These cells vary in size: the niich'i art' relatively large with 



;il)un(lant niK‘l(“ 0 [)lasin and usually witli a coiisiucuous Jiu(‘l(a)lus: 
tli(‘ cytoplasm as a }‘ulf‘ shows \’acuol(\s and solid inclusions in 
\'acuolai‘ spac(\s. Similar (‘(‘lls ar(‘ ni(‘t witli which an^ in)t sliaiply 
(h'liniitcd all round, but only on t)ric side (({'ll u in lij>:. 11): on the 
nth('r sid(^ th(' c('ll shadinj>' off into the syncytial reticulum. In 
siK'h a cas(‘, I tak(‘ it. \\r ha\(‘ a nuiss whi(“h has brokem away from 
tli(‘ ^(‘iHu-al syncytium on oiu^ side, the pi’otoplasm on this sid(‘ 
cojidf'iisinji, to form a film of (‘Xoj)lasi]i. ( hudol)last C(‘lls. re., 
with includ(Ml nemator-ysts ai‘(' also coiuinon in the itil(n'ioi‘ of tlu* 
lob(‘. B(nw(‘(Mi th(‘ C(‘lis oi’ ^■rou])s of c('lls the ])rotop]asiu (exists 
as a va‘>;u(‘ ]*(hiculum, th(‘ vacuohn- spac(s in which are of all siz(s. 
Scatt(‘r(‘d in tlu' i‘(Ui(‘uluni ar(Muu‘lei. ddie (‘xternal stratum of the 
lobe in soiiK' plac(‘s is not niark(‘(lly diffei’(mt from the intcu'ior. 
In otlan* plac('s it shows smaller c(‘lls and more nematoevsts than 
tlie int('rioi“. Xo doiil)! sonu' of the nematoevsts hav(* b(‘(Mi 
carri(‘(i ov('r from th(‘ f)arent hvdroid; ))ossibly otluTs are ?(ew for- 
mations. Th(‘ (‘xternal structure of th(' lobe is in jiiost placis 
(‘ontinuous with tlu' interioi*, but luu-e and tlun-e it is sei)arat(‘d 
as in the neext mass to b{‘ descrilxMl. Tlu' d('ad part of th(‘ mass 
(fi*!,'. 7) consists of a loose ^‘raniihu' stuff including soinc^ nuckn and 
iKMiiatocysts. The live and (haul tissue ai’c not sharply s('])arat(‘d. 
but j;radc into (audi otlu'r. 

Two otluM- plasmodial masses about twenty-four hours old W(a(' 
scHdiomal. Th(S(' inasses were iiax^^ulai' bodies of tlu' sanu^ 
tieneral charaedeu’ as the one shown in fig. 7. Tluw wtu'c however 
(Uitiix'ly aliv(\ and surrounded everywhere by a distinct jx-risarc. 
'rh(\v proved to b(‘ (ssentially alike in internal structure. Part 
of a section through on(‘ is shown in fig. 12. The body is solid and 
an outer stratmn is almost everywhere st^paiated from an iiiiKU' 
mass by a vagiudy (hdimited cleft -like sjiaee, Tlie outer stra- 
tum is (*hi('fiy com])os(al of coni])arativeIy smooth cells, forming 
four or liv(' layers, and of enidoblasts. The cells have large nu(*hd 
and are in gen(>ral well d<Tned. There are places howe^■er where 
one can only find nuclei lying in a vaguely reticular protoplasmic 
matrix The iuiKU’ mass is a complex syncytium containing 
abundant larg(^ nuclei and ^'a(‘uoles with inclusions. Xunuu'ous 
enidoblasts are scatbaaal tlu’ough it. and well defined ordinary 
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I-iji. 12 I':u(I(‘iulrium Kroni ;i st'ctinn l]in)u;i;ii a trsi ii in lon ahoiii 

nxvmy~Umi hours old. ra. raiidohlast r.. fic<- ('(‘II: p. |Mu-isan-; /*./.. prol (.>i>las- 
'>U<' him: spare sejiaratiiiji an oiitei’ sti'atiiin. if. s.. iVntii the iniua’ ina<> / nf 
■< 120(1, 

Id Kiidendriiim, Scauioii of tli(‘ rt'si it in ion mas.<. with om- eoenosan-al 
‘'iit iri'ou t il, sliowTi in S. Siau i<in si l ikes 1 he original mass anil does not imdiule 
^he oii1<2;ro\v( ii. ?/. yolk mass. Otlna’ leiicrine as Ix-fore. X doO. 


no: JorK.N.ii. fie iixeKKiMKXTAi. ienii.ei: v. \<il. 11, \o, :{ 
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(*('lls MJ’c foiir^d ill it Ikm’c niid tlu'rc. J^rotophismic films, p j\ 
jirc (‘oMiiiioii which iiuirk off C('lls or Mreas on one side while on tin- 
otii(‘r sid(' th(' in'olof)Iasini(“ area Inis no distinct ])oundarv. 

inass(‘s shown in fi^. S, two s])heroidal and two witli out- 
growths. w(a'(' sectioiK'd. ddiesi^ bodies wIkmi ])I■(‘s(a■^'ed wia-e 
thre(‘ days f)ld. In fit;-. J8 is shown a sectioii through tlu' diiatiMl 
l)ody of oii{‘ of th(‘ massifs which had a coiaiosarcal outj^rowth. 
All th(' bodii's i)ro\'(‘d tf) be in (‘sscmtially th(' same condition as 
lar as th(‘ diffcaxaitiation of layia-s is concia'iied. In tluaii all an 
('<'(od(M-m and (Mitod('i-ni are distinctly diffei’entiated. Tlie two 
hmas ar(‘ s(‘parated l>y a ckdt-like s])ace, there bein^ no distinct 
su|)rK)rtinjj' lani(‘lla. In th(‘ small spheroidal masses and in the 
dilati'd portions ( ri'present in^- th(‘ original shape) of thosi^ with 
out't.rowtlis, tlua'c is a (aaPralyolk that is still continuous witli th(' 
(Miloiham in s{)ots. The yolk mass does not extend into the out- 
fii-owtlis. Tii(‘ piM'isai'C is laminatiHl and in the sections almost 
{wia-ywlna’c widi'ly si^paratial from th(' ('ctocham. Th(‘ ectod<M-m 
is conipos('d of sinall c(‘lls, pi’obal)ly all int(a’(‘onnect(‘d, formin<i- 
in placi's oiu' lay(a', in otlua* places two or thn^e layers. Small 
n('niatoi*ysts and stages in (hwa'lopnumt of tlusi^ ai‘e common, 
and other iindusions also ai’(' pi’esimt in tlji’ ectocha’in. The 
<mtod(a‘m consists of a single layer of lar^’e closi^ly ])acked ('ells 
\ arvin^- Irom a more or Icns cubic-al to a somewhat flattened shajar 
These c(‘lls ar(' uninucleate the c>ioplasm moi'e or less wacuolatinl 
and souK'tinH's (‘ontainin^ small (developing') nematoewsts and 
oth(‘i' iiK'lusions. d'h(‘ cimti’al yolk. //, is a p'anular mass in phices 
composed of small splna'es of vai'ying- size. In it small spheroidal 
\'('si(‘l{'s containing' one or two dee])ly staining granules ai't' 
('(unmoii. doubtless re])n\s(mting swollen and (h'generating nuclch. 
A lew small luanatocysts are also found in the yolk. The yolk 
mass althougli in gema'al s(']Kii‘at(‘ from the entod(Tm is perfectly 
continuous with this layia' in spots. 

While my ol)servations on th(‘ histological sti'uetui'c of th(‘ 
ivstitution inass(‘s. both in Kudendi'iiim and Pemiaria, are frag- 
mentary. they are luwaa'tluTNs definitca From them it would 
seem that in iMuhmdriuni the solid aggregate formed by the fusion 
of the isolated cells })asses intotlu' condition of a syiawtiuin which 
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includes pjirtially or p(‘iiiaf)s coiiipk'K'ly IV(H‘ cells II'. An 
outer stiiituni in wliich cell l)odi(\s ai‘c wa^li tliflcnMiliated. ami 
which is s(>vei'al hiyers (hvp. now l)c(‘oin(‘s niark(‘(l off IVoni an 
innei’ mass ifi^. 12). Tlic oulei' layci* probably r('pr('s(‘nts the 
octoderni. whil(‘ the inma’ mass r('pr(S(Mi(s a yolk-(aitod(‘rm. wliii'h 
suhseciuently s])lits into the (h'fiiiitivi' <'nto(l(a‘m and the yolk. 
Kiiially ectoderm, entodertu and a centi‘al yolk mass app(‘ar 
Id), as in the d(n'elo[)m(ait of a co('l(Mit<'rah' planula, Mani('ina 
for instance^ [\Mlson. ’SS), oi“ i’hideiulrimn itself (Har^ilt. ’0-1 b 

FKXXAKIA, KlAS'ITri TIOX I'UO.M i)I,s,s( )( ' | a'I'KD ('!•:!. LS 

SfHxi('-'< e.scd. Tlu' s[)eci<'s us(h1 was Ihamai’ia tian^lla M(’(’rady 
Proc. Elliott Soc., ^'ol. 1, no. 1, ]). Ibd; Xiittiiip,'. ’01. p. dd7). 
Pale specinuMis with lij>i;ht coloianl o^'a and (ha'ply color(‘d sp('ci- 
incns witl' orange ova w(a‘e ainmdant lordlier on tin* lloals 
round tln^ iaboi’atory wharf at Ihaiufoil dui'inji' .Vu'iust. Both 
pale and coloi'cnl forms libm’aKMl nu'diisae at dusk, about 7 p.ni. 
d1ie forms ap])ear to i'epr(V(ai( m('rely tin* (‘xlnanes in :i raii^eol 
color \ ariation (for tin' \'ai‘i(di('s at \^’oods lioh' ridr llar”;ill, ’00). 

Exi)ef'n}ivnl .lalij 26'. A vitrorous and chain colony was pressed 
out in tlu' usual way at 4:27) p.m. (^uantitii's of ra'lls of various 
kinds, especially sphei'oidid ^-ranular (a4ls with nion* or l(*ss pi^;- 
inent. cann* through: also small cell ttii-oups. and bits of tmitacles. 
Pusion of the cells and (a'll aji;^'r('^ates l)('^ins a) oma* ami pi’oia'cds 
rai)idly. in Uai minuti's time a mass oOlExlOO/^ has bi'ia) 
foi'jued, in a watch ^la.ss k('i)t umhsr tlu^ mici’os{‘o])(‘, ])racticaily 
from isolatra] c(*l!s. Such massifs chan^’c tlnar shap(‘ slowl.v and 
fus(‘ with one another. The tissue' wliich was [in'ssed out in a 
watch giass was shaken to the' center at 4:do p.ni. At 4:od it has 
formed a thin coherent cake. This is now suckeal up in piac(‘> 

itli th(' pipette. and so lirokeai into ])ieces alioiit onuii. in diann'tm’ 
which are ti’ansferrtal to a l)owl of watt'i'. 

At 0 p.m. the ti.ssue lie's on the bottom ol the' bowl in the 
shape of thin, soim'what reticular she'cls. These* are* tre'eal Irom 
the Ixittoui ttlieyv had ali’caely be'^itni to curl up roiitid the* (‘d^'e'.i 
with small pipc'tte and are* traiisjeri'eal with a lar^e* pipe'tle to a 






bi-:ha\ I()k of i)rsso( Fvi'Ki) okli.s lUo 

Oil July 27 lit !) a.ni. the iiiass('s ar(' sui'roundrd hv a distiiua 
perisarc and with soinr ox(‘('j)tions are still aliv(‘ or ineluih' <*on- 
•>iderable tissue. Tlie color of th(‘ li\e tissue is j)ink. The 
Miialler masses are of compact shapta s[)h(M'oidal or ovoidal, and 
are alive throughout. Tlie largei- inass('s an* of a sonu'what 
lobular shape, and while the j)rojectiiig lobuh's art* alivta a coiisid- 
eral)le ])art of the body of the mass is d(*ad or dying. Sev(*ral aiv 
now preserved. Sections confirmed what I liavtyjiist said as to the 
disti'ibution of the li\'e tissue. In fig. 20 a stTlion through out' of 
the smaller mas.ses is figured, and it tnay 1)(* stam that tlie whoh* 
mass was alive, and while iti general still solid had b('gmi to differ- 
entiate tlu' ectoderm and etitod(‘nn lay(*rs. The ma.s.s(‘s at this 
-(age ar(* .soft and ])nrst (*asi]y on rough handling. The wat(*r 
was henc(*forth i-enewed wath a siphoin 

On July 29 two of the ma.ss(*s hav(‘ dev(*lop{‘d outgrowths. A 
j)hotograt)h of one of them is shown in tig. lb, and the oth(*r is 
r('])resented by a ])hotogra]di (fig. lb) and a camera sk(*tch dig. 
21 1. the latter made from tin* liviTig object. Tin* original niass in 
both ca.ses was splieroidal, and the thiek perisarc, o. />., which 
-nrrounded it, still persists. Uk* mass, as sc-ctions of similar 
liodics show, has differentiated into ectod(*rm and (mioderm layt'rs 
wliich surround a (*entj‘al cavity (‘oiitainiiig the remains of yolk 
material. The body showm in fig. 21 lias developial one long 
outgrowth c and two short ones, e and h, just jirolrudiiig at the 
up])osite end from the original perisarc. In the long outgrow! h 
the ectoderm and entoderm are thiekia- than elsewh(*re. Tin* })mv 
>are over this outgrowth is noticeabl}’ thinner than (hat over the 
original mass, and the ectoderm in a part of the outgrowth has 
contracted awa}^ from the perisarc*, remaining coiin(‘eted with it 
i)y strands, ccf. -s. after the fashion characteristic of the adult 
hydt'oid. The original mass, too, it may be s(*en has (*ontra(‘1ed 
away from the perisarc and has materially changed its once globu- 
lar shape. The other mass, fig, lb, which has developcal only a 
single outgrowth, represents a slightly earlier stage than tigs, 
lb and 21. In it the original mass has contracted away from tin* 
perisarc, o. p., but remains connected with it by strands of ecto- 
'lerm. In the outgrowth however the ectoderm has not yet 
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l.'i l*rim;iri;i. 1 { (‘sl it ;i 1 ioli iti.'iss liirrf' days old. ii, [•iiciiusa real nui- 
liiowtli: rj/j. prrisai'a nl' iiin>s, IMioto^i'a))!). X dO. 

1('» l^■IUla^ia, U<*st it ill ion mass t lii'ta' ila>s did. o//. p('risa I'c of (H'iji:iti:i 1 
mass: i>. pi'risan- of lonti ('(XMiosai’cal out i>t'()\M h, Pliol ofirapli. X dO. 

lu'^uii In spparatc iVoni tla? pensai’cai cnvia'inti’. Botli th(‘s(' 
ntass('s including th<' outgrowths ai‘(‘ finnly adlioi-eiit to Tlia l>oi- 
tom of th(' \'('ss('l. 

Oil July 2d a lai’tix^ iiuinbei’ of tlie masses are diaid. Only tlu' 
smaller ones to^ddhi'r with two or thiaa' of tlu^ lar^’er survive, and 
tlie latUM' lia\a' beim injui'ed and evidfuitly are in ])a(i condition. 
Injury oftfm coimv in chan^in^' tlte water. th(' siphon setting!: up a 
currenr whicli strains the liodies of the lar^ei’ inasses especially 
since these are attached to th(' bottom only tlu’ouj^hout a ])art ol 
their extent. The small masses are more ])erfectly attached to 
the ^lass. It is chair that if oiu' wishes to ji;row hydroids in thi> 
way it is betti^r to jiroduci^ comjiaratively small masses instead of 
lar^e omrs such as that shown in fi^. 14. 
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1'* itut ion innss six dnys old, t‘)y nu‘t;inu>i’])l)f)s(>(l. 

witli (l('v<'l()|>(’d liydr;iiii lis, (//^ ])(>i'isnr{' of orijilnnl mass; .r, perisarc of outgn'Wi li 
adlxa'cnt lo filass. l*hotog:rapli. X oO. 

]i\ ing Ixxly tlu^ pei'isiirc ended in a closed rounded extremity 
and eontaiiKHi a coeiiosarcal ])r{)long’ation extending throuji^lioiit 
its length. Wdien the body was jiried from the glass, the eoeiio- 
sarcal i^rolongation reti’acted and in the photograph it appears 
very short. 

Experiment d ugusi S. A clean vigoj'ous colony about 5 inches 
high is selected and only stem inaterial A'uenosarc) is used. All 
lateral branches are cut off, also the base and tip of the main 
stems. The lattei’ are then cut into pieces about 3 mm. long and 





th(\'^(' uri' }) 1 -(“ss{mI tlii'oii^h iii th(' usual way. "I'lic tissue 

thus obtained is pure (‘(xaiosarcal tissu(^ l)rok(‘ii up into s('parat(‘ 
cells and nunut(' a^^T(‘t>'ations of c(‘lls. 1di(' tissu(‘ is pressed out 
at i-filO p.in. h'lisioii ^oes on rapidly, iind iti twenty ininut(‘s 
round tli(‘ ('d^(‘ of the collc'ction of lissiH^ small bars and plates. 1 
to d mm. loii^'. Iia\'e Ixm'ii foniKMl, .\t 4:50 p.m. th(‘ matra-ial 
exists as a thif} cake about I mm. tlii(‘k, of consideraltle colau'ency, 
yet of loo.s(‘ r('ticular textui'c. 4’his lic^s on tlie })ottom scarc(*ly 
adlu'rent to the ^lass. Jt is cut witli s(‘alp('l and needh' info pi(H*f*s 
about 4 nmi. in diam(‘t(a-. \iiu' such pi(a*('s ar(' pr(^))are(l and 
to^('thc?' with some niiicli smalha- fra^i^namts are transfru'red with a 
pipette to a fresh bowl of watf*i‘. 

At 7 f).m. all the pijaa^s havf‘ conti'act('d considerably. 4'he 
f)lat(‘-like pitaa's ha\ (' Ix'^un to cui-1 up at the ed^e and the smalhst 
rra^namts ha\'e ah’eady assumed a compact, massive sha])e. d’he 
color is a li^ht pink. On the neaxt morning’ (August 4.) all llie 
masses art' still aliv(' and luu’e s(H*ret(al a distinct peri.sarc. The 
smallei' aix' spliei-oidal or o\ oidal in sha])(a tlie lai’ger of an inx'gu- 
iarly massi\'(‘ shaj)('. tiKatsuring up (o a hmgtli of 5 iJini. They ai‘(' 
all adlu'ixMit to tlu^ glass. The watci- is now (‘hanged by siphoning, 
and SOUK' of (he larg(‘r masses ru|)ture, Thf^y laipture v(wy easily 
and it is chair tlu'v an' too large to thri\('. .Vftei' rupturing, a 
ma.ss (juickly accjuiri's onci' mori' a smooth surface witliin tlu' 
pi'i'i.sarc. 

On .\ugust 5, two of th(' niassi's ha\'(' [lartially transformed. 
One is shown in s(M‘tion in fig. 22. This mass was originally 
sphi'roidal and in th(‘ living statia including the perisarc, tiuais- 
uix'd about > mm. in dianuder. It was firmly atta(4ied to tlu' 
glass, and at H a.m. .\ugust 5 was still spheroidal. .Vt 2 ]).ni. 
it was obs(‘rv(Ml to b(' ti’iangular. The ti’iangular character Ih'- 
came moix' m:irk(xl during tin' ,’ift('rnooii. and it was ]>lain that 
th(' mass was S(mdingout thtxx' outgro\\ ths. e. 5, e. The body was 
])ix'servcd :it 7 p.m. Sections showxxl that the originally solid 
plasmodial body had dif'tVix'ntiated the ectoihamal and entodermal 
l;iv('rs. 

The otlier mass on August 5 liad d('^'eloped farther. .\ ])hoto- 
graph of this mass is shown in fig. IS. and a camera sketch made 
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fn)]n th(^ ohjin-t in '2‘A. Tlin oi'i.iiinal mass was splua-oi- 

(lal: its outline is iiuli(*at(al l)y the laa-isare. fn p. 'Ihvo shoil 
outgrowths, a and 6. had (hn-elopetl. and th('s(‘ logcMlu'r with the 
original mass adhered to th(‘ glass. A third outgrowth e astaanled 
in the watei' and had transfoi'imal into a lo'di’anlh Ix^ai'ing wlioi-js 
of sh()il s(ul)l)y (entjK'h's. 'Hw (‘etodta-ni and (‘nloih'rm had 
developed tlu'oughout th(' mass, and tlu' (a'lod(a-m of thi‘ tenlaeh's 
atid of th(‘ short outgrowths iiK'luded abundant mU i hM*(‘lls. 'Idit' 
hyd]’anth whih^ undej’ tli(‘ mis(‘i‘oseo])(\ in a wateli glass, \\a- 
fr(ain(mtly a('ti\'(a b(mding from sid(‘ to sid(\ Tlu' size of tln‘ 
gastric cavity varied with the contraction slat(‘ hut <luring niosi 
of the time was larg;(\ Shortly aft{M' t ransha-ring tin' m:tss fr<»ni 
tlu' bre('ding dish to tin' watch glass and just aftd' fig. 22 was ma<le 
a (jiiantity of gi'atuilar niate?’ial was t wica* ('jt'cted from lh(‘ month. 
aft(M' wliich the ])olyp contracted consid(a-al)ly. d'h(' wafer was 
thf‘n changed, and tlu' polyp retmauMl to about th(‘ coiulition 
-hown in th(' figuiaa It was tlum pr('s{'r\’('d (4 ]).m.). 'rh(‘ 

[(‘iitach's of the hydranth arrang('d in thr(M‘ whorls, all look alike, 
and ar(' of a more' or h'ss globular sha])(‘. TIh' iipjaa- whorls 
doubtless iv])re.sent the ('at)itat(‘ tenta(‘l('s of lla^ adult. Possibly 
th(' tentacles of the lower whoii elongat(‘ and d('V(*lop into the 
filamentous t(mta(“les. In th(' dev(4opm(mj of tin* (‘gg polyp. 
Hargitt ( '()(). p. 400) finds tlial tlu' filamentous tentach's appt^ar 
fii'st. the (‘af)Ltat(' soiiKwvhat lat(M' In tin' restitution poly]) 
shown in fig. 23 (here may hav{* been a slight diffennaa* in tin* 
time of ai)].)earan(a^ of the se\aa'al whoi'ls. 

On -\ugust () anotlaa' small mass has d{‘\a'lo|)(al an t)Ulgrowtli 
aiid r(‘s(mibles fig. 15. On the next day it is dc'ad. By this tinaa 
.\ugust 7, many of tlie massifs including all th(‘ larger otu's are 
d('ad. t)ut s()ni(‘ sin \'ive ami of thes(‘ thiaa* lia\'(' de\a‘loped (au'li an 
outgrowth. One of them is shown in fig. 24. tlu' others an* sub- 
'^tantially like it. Jn all thrcf* tin* co('l(*nterat{‘ layca’s have re-ap- 
peared; th(M)riginal mass has (a)nti*act{al away from the jH'ri.sarc 
with which it remains coniK'ctcHl by (‘ctodermic sfi-ands. 5\ hile 
the mass shown in tig. 24 was under tin* inis(a'osco|)(\ lh(‘s(* stimids 
retracted into the body. The three partially transforim'd masses 
ai‘(‘ now |)i’<*sei’\'ed. 
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I'i.ii. !!•) P('imai'ia. SaitK'iiiassa,- id IS. .■iiiort (•(K'liosaia'al oiilfji'owi }|s : 

r. (iiitjii-ou I h fliat lias IxaaHiic a liyiiraiilli: rr, ; m, 

iiiouili; tij), ))(‘i'isai'<‘ ol' original mass; I, K’litaclc. X IK), 

I'iy;, '1\ Pcainaria. Host it ui ion mass tlina' ilays did, with out jirowl li. Ldt- 
1 (‘film: as Ind'oi'd, X IK). 

Oil Au”;iist S only lour of th(' masses of (his ex[)eninent are alivis 
1 wo are still sj)h{d‘oi(lal. One has (l{n'elo])e(:l an outgrowth and 
is substantially like tig. 24. The other is shown in hg. 17; it has 
gi\fm rise to two outgi'owths at opposite poles, one of wliieh has 
d('V(4op(Ml a hitcM’td braneh. Tlie original mass has contracted 
away from the j)(a-isarc, I'emaining connected with it by ectoder- 
mic strands in tin' usual way. On th(‘ perisarc algae have settled 
and these ap])ear in the photograph as rounded spots. In all 
of th(*si' bodies, e^am in th(‘ spheroidal nia.sses, sections showed that 
the ectoderm and entoderm had developed, and a gastral cavity 
containing the remnants of a yolk mass was present. The botlies 
were preserved August 8. 

Sanunarij. Two experiments were made. In the first both 
stems and hydranths were used. In the second only stem tissue 
was used. A large number of solid ])lasmodial masses were 
obtained, and these within a day uniformly secreted a distinct 
perisarc. In the first experiment all the larger masses gradually 
died. Three masses -h to | mm. in diameter, differentiated the 



BJCHAVIOH OF J)ISSO( IaTKD CKJJ.S 

coolentemto layers and <iovelop(Ml roenosareal outgrowths. One 
of these masses went further ami developed i)('i‘fe(*t hydrant hs. 
In the second expennient also the larger masses died. Ten smaller 
masses for the most pai-t about \ mm. in diamet(‘r. tla^ largt'si 
reaching a diameter of O mm., differentiated tla^ ectoderm and 
entoderm layers. Of tlu‘s(‘, caght d('\-elo])(Hl (MH‘m)sarcal out- 
growths, and of the eight oiu' mass piodiiecHl an activ{‘Iy motih' 
hydraiith with whorls of tentacles. 

ComjHU'isoti uidi eng (ieeclopf/iciiL Imu' the pui’pos(‘ of compari- 
son with tlie restitution hydroids my assistant, Mr. 0. AV. Hyman, 
reared Pemiaria frott) the egg. .Vs Ilargitt (’00) states, tlu' (\ggs 
vary considerably in size, the ])latiu]as in siz(’ and shap(' both. 
Several ])lami]as were measur('d and it was found that tlnw 
ranged in length fi’om about ib mm. to 1 mm., wliik^ th(‘ c]-oss 
diametei’ was al)out ib mm. it will bc' s('en that tlu'sc' j)lanulas 
wer(' not so far remo\'(Hl in bulk from th(^ i-(‘.stituti()n mass('s that 
traiisfonmal, altliougli neithe]“ in the ('a.s(‘ of 1h(' planulas noi-in 
that of the I’estitiitioii mass(s was t]i(a‘(' any uniformity of sizta 
On the other hand the hydranths pi’odmaal by nnUanioi-phosing 
planulas are fairly eonstant in siz(\ and they agna^ iji thisn-spcct 
witli those pi'odueed l)y the rc'stitution mass shown in fig. 10. 

Hidologiail dudij of (he rcsdlidion nia.sse.s of Penoon'o 

Sections of the Pennaiia stcan show that the {'iiOxh'rm is mad(‘ 
lip of a single layei' of large coliimnar C(‘lls tap(a‘ing toward> th(“ 
base and measuring about dO^ by 15^. Th(‘ cf'lls contain v('ry 
many larg(* spheroidal gramih's that stain pah* l>luc with Ina'ina- 
toxylin. The ectodei’in contains an abuiidanct* of iK'tth* cells, 
larg(* and small. In ea{‘h layei' the ('lena'iits arc fn>c]y intci'- 
connected to such a degro(' that in many j’(>gioiis at l(*ast tin* 
structure is that of a reticular syncytium. 

In order to study the comiiosition of tlie pressed out ti>su(* 1 
s((iieezed ])ieces of stem in a watch glass of watei- so tliat lln* 
sfpieezed out tissue fell on an immers(‘d co\'er glass, .Vlte'r fi\'e 
minute.s strong formalin was added. Much of tfie ti>su(‘ thus 
fixed adheres to the cover, and this wh(*n mounted on a slide in 
water gives clear pictures. In such a pre'paratiom fig. 2o.th(‘rc 
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I‘ I'j. 'J.i l*ciui:iii;i . ot ('(X'liosni'ca I I'nilii a prrpa I'.-i! inn 

l!\ct| |)V(' iiiitililns ai'icr I issue was pt'csseil nut. X I'OII. 

ni't’ (juant i(i('s of lai-^(‘ ^i-aniilar- colls, many of which arc s])h{M’oi(lal 
as a. other witli pstualopodia as c, sonu^ with a larger vacuolt^ as 
h. The o-paiuil(‘s ^uv ”(Mi(a’ally scattenal all throii^'h the cell, 
hut as ill (I thei'(' may ))(' sttme chaw pi’otoplasm. Tlu's(' cells 
(wist s(>parat(‘ly hut also in small a^^ia^^atiotis as <1 and c. Th(‘ 
c('lis and contaiiual ^I’anuk^s ar(‘ of about th(‘ same siz(^ as thost' 
s('(m ifi s('(UioMs of th(' stcan (Mitod(M’m and tlu' c(‘lls (widen! ly 
n'pr('s(mt th(‘ entod(‘i-nii(‘ {^(mikmiIs. In tlu' preparation ajrain 
ai'(' numbers of ciiidoblasts of various sizes with incliah'd 
(‘('Ils. I. Otlaa’ ehanents, doubtless also ectoch'rniic, art' 
fiiK'ly tiranulai' pak' C(Ts v;irying a ^‘ood tk-al in size, r/. to- 
ji't'tlKu* with small ^Toups of sucli ccdls. AMien the .4eni })i('C(' is 
pn'ssfMl, numlxu’s of ('ells must \)o i‘u])tur(‘d, and the jUTparation 
contains (juantitit's of fia't' granules, h, doiibtk'ss derived in lar<!;(' 
part from tlu' entoderm e('lls. Thtwe are ti’ans]^ar(uit, and for tin* 
most part spheroidjih although often irregular in shape. Tluw 
s(H‘in to stick tog('th(M' and even to fuse. Drojdets of transhuvut 
sul)stane(* sniallei’ than tlu' (mtodermic granuk^s and vaiwiiig in 
size (km n to the ^'anishing point are (‘ommon. It seems ])r()bable 
that some of this material s|)oken of as droj)iets and granule's 
re|)r('s(mts minute fragments of ])i'()toplasni that have rounded of!. 
And the (jiu'stioii is worth formulating, although I can not answer 
it : are such minute granular or drojvlike bodies, representing por- 
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tions of })f()ken clown (‘ells, incoi-poi-ated in (h(‘ nstitnlion mass as 
it p’ows'.^ A^’ain in sueh a preparation oik' finds sonu' niass(‘s. o 
eonipos(Hl of finely ^Tamilar material, with (*(‘11 Ixnindarifs hetv 
and tlua'e ^'a»■ue]y sliowin^, and sonuaiiiKcs with iindinled m'ltle 
(‘{‘lls. Tlu'se are prol)a])ly hnii])s of e(‘tod(a'ni. 

If sue!) a pre])aration l)e mad(‘ and t'xamiiied alive' in s(‘a wat('r, 
lh(‘ same elements ar(* ol}s(*r\aMl. J'oi'malin ?‘(aiio\’('s the* ('olor 
from th(‘ ^rajiuk's in tin' (mtodcMHi (‘(‘11s. hut in tin' living- pn'para- 
tioii it may l)e scam tliat iIh'v hav(‘ in ^(au'ral an oran^'etint. 
ran»'in.ii.' from yc'llow to ivddish, although sonu' ar(‘ eolorh'ss. d'h(‘ 
('iilodeian ceils execute slow anux'hoid (‘lianjic's of sliap(‘. 

W h('n the stc'm |)i(‘C('s ara' ])r(‘ssed throii^'h ‘>auz(‘ and tln‘ I issii(‘ 
is at onc(‘ (‘xamiiuHl ali\ (‘ in a drop of sea walc'r, it is found to con- 
sist of tlu' same ('lenamts (h'scrilaal al)o^■('. Wdth this tj‘(‘atm(‘nt 
moi-(‘ entodei'iii (‘(‘11s s(a‘in to I)(‘ nipturcai and th(‘r(‘ ao' f(‘w<‘r 
groups of cells. Th(‘ (“oenosar(‘ is almost (‘iitii'c'ly brokcai up into 
th(‘ ('lemcmts e, /. c/, h. of fi<>'. -o. )\du'n tlu' emtirf' hydroid is cut 
up and pia'ssed throu^>:}i ^■auz(‘. a^ain the same (‘h'UK'nts ar(‘ found 
if tli(‘ tissue is ('xamin(‘d at once, although jiossihly nuuf' 
f»at('s of c(‘lls occui' than wh(‘!i stem tissiu' alonc' is us(‘d. 

ff tlu' drop of live tissu(‘ pi’t'ssed out through ”auz(‘. or s(|U(‘ezed 
out without usin^ ”'auz(‘, hc' k(‘pt und(‘r ohs('r\'al ion. it may h(‘ 
se(‘n that small mass(‘s ai'C' soon form(‘d whi(‘l) include' (‘iiloch'rm 
cells, cnidoblasts. and th(‘ pah' ('(‘11s that pi'obahly arc* of (‘cto- 
({(‘I'lnic origin. As these masses grow in siz(' it Ix'coiiK's impossibh', 
owing to their opacity, to study thc'ir composition wliih' aliv(' 

As stat(‘d already, fusion l)(‘tW(H'n tin' (‘(‘11s of tlu' pri'ssed 
out st(‘m li.ssuc' g{)(‘s on so rapidly that in twe'uty minutes t inics 
small har< and plate's. 1 to d mm. long, can !)(' di'awn off with a 
pi|)ette. Some' of thc'se wt're' pi'eserv(‘d and s(‘ction(‘d and it 
could 1k‘ s(‘en that such mass(‘s \\'er(’ solid l)odi(‘s of fairly uniforin 
structure' showing no sti’atification into incipic'nt laye'rs. 'Hn' 
sup(‘i‘hcial |)a]’t dot's not dilfei' from tin' iiit(‘rior. Tin' struct un' 
throughout is that of a cellular syin-ytium, that is in (‘(‘rtain n'giotis 
no cell })oiin(lari('s can In' scx'it, the pi'otoplasm here' a])pearing 
as a syncytial mass containing scatte'red nuclei, while in other 
places c(‘ll houndaric's arc' \*isihl(*. JAani whc're c('lls are markc'd 
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out it is prol)abI(‘ that they an* iiiU*rcoinKH*t(Hl with ono another 
and th(* rest of th(* mass by ])roto])]as?nic strands. The coils 
that are mark(Ml out vary in siz(* and shape. Here and there cells, 
usually in ^rou|)s, may be r(*cognized by the contain(*d Vt'^ninles 
as th(' original entoderm cells. Only a small fraction of the mass 
howev('r is now made iij) of such cells, and yet the entodermic 
('h'lnents composed a very lar^e ]X‘irt of the tissue when the fusion 
ttiasses b(‘^an to foj'in. It is plain then that the (*ntoderm cells 
aft(*r fusion to form, oj- I'ather helf) form, the })lasmodial masses. 
underji;o a transfonnation which effectually j)recludes us from 
recognizing th(*m latei'. TIk* large cnidoblasts fr)rni{‘d a consjneu- 
o[is s('t of (*lem(*nts in tlu* tissue wh(*n fusion began, and these are 
to h(* s('(*n in v(*ry (‘onsiderable numbers scattered throughout 
th(* ])lasnHKlial mass at tin* stage luuh*]' (‘xamination (twenty min- 
ute's old), comparison be'twee'u the sections of this and later 
stage's indi(‘at('s that the bulk of the nematocysts carried ov(‘r 
from th(' pai-ent gradually disap])eai‘ during the developnu'nt of 
lh(* piasmodial mass. If this is so, it is a epu stion of semu* intei- 
est what luronu's of (he cnid()[)last cell itself? Does it shai'e in the* 
formation tif the* r('geiu*i-ati\e tissue? The point is ^worthy of 
sp(‘cial study, iiu'luding as it does the idea of the' de-sj)ecialization 
of a highly differentiate'd elenu'iit. 

The* protoplasm of the cell and syncytial areas in this stage* is for 
the* most pai't fine'ly vacuolated se) as to present a reticular ai)p('ar- 
ance to a high ]:)ower. The nucleu aie in general large anel con- 
tain abunelant nuckH)])lasm, The mass at this time seems to 
have* no surface film apart and elistinct from the superheial syncy- 
tial and cell areais. Finally in connection with this stage it may be 
saiel that owing to the transformation which the entoderm ea'lD 
undergo after fusion, it doe's not seem hojx'ful to attack from 
l)urely histological e\’idence the epiestion as to whether ectodermic 
and entodewmic elements become se'gregated. the ones on the out- 
side, the others in the interior of the mass. There is of ceeurse 
always a ])e)ssibility that this e)ccui‘s, but it se'cms remote. 

Sojuewhat older piasmodial masses formed by the fusion of 
stem tissue ])ressed through gauze were studied, The.se were 
pre.served 1 hour after fusion had begun, and were considerably 
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larger than the mass just described. Sections show however that 
they have essentially the same structure. Cells or protoplasmic 
areas with the entoderm granules are still recognizable here and 
there. Perhaps most of such cells lie in the interior but some are 
found at the surface. This is not a point of importance for the 
question as to the possible segregation of ectodermic and entoder- 
mic elements, since as I have already explained a very large part of 
the entodermic material can no longer be recognized as such. It 
is clear that many of the areas or elements of the plasmodial mass 
now without granules, and with a vacuolated protoplasm, must 
have been formed from entoderm cells. 

The solid plasmodial mass does not long remain unstratified. 
As already said the masses uniformly secrete a perisarc within 
about one day after fusion begins, and this in itself is probably 
evidence that the superficial layer has assumed something of an 
epithelial character. Masses preserved July 27, about seven- 
teen hours old, were sectioned. Some of them were healthy and 
alive all through, and fig. 20 represents a section through such an 
one. In this body an outer layer, ec., the ectoderm, has separated 
from an inner mass, ij, en., the yolk entoderm. The latter as 
later stages show gives rise to the definitive layer of entoderm and 
a central yolk mass, as in the planula development of Pennaria 
(Hargitt, ^00, ’04). Roth ectoderm and yolk entoderm are cellular 
syncytia in which free elements or apparently free elements are 
included. In both the ectoderm and yolk entoderm, some of the 
large nematocysts carried over from the parent, are present. On 
one side of the body it will be seen the differentiation into layers 
has not yet been carried out, the ectodermal region here shading 
off into the inner mass. The isolated and irregular cavities in the 
yolk entoderm doubtless represent the beginnings of the gastric 
cavity. In other masses of the same lot preserved at the same time 
the shape was lobular, and only the projecting lobules were alive, 
while the more central part of the body was dead or dying. Sec- 
tions showed that in the lobules the layers were present, in about 
the same stage of differentiation as in fig. 20. 

Restitution masses from Experiment August 3 that were pre- 
served nineteen hours after fusion began were sectioned. These 
proved to be in about the condition shown in fig. 20. 
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A mass two days old, from Experiment August 3, was sectioned, 
and a median section is represented in fig. 22. The mass was orig- 
inally spheroidal, but gave rise to three short outgrowths a, 6, c. 
In this body the ectoderm and entoderm are well differentiated. 
The yolk entoderm of the earlier stage has obviously given rise 
to the entoderm, en., and to more centrally located yolk material, 

and the latter has been nearly absorbed. In places the ento- 
derm is still continuous with yolk elements. The best sections 
show that the entoderm is still a reticular syncytium, but the cell 
bodies are distinctly outlined in places. In the most distinct 
regions they have a columnar shape as in the adult. The ento- 
derm is now well stored with the spheroidal granules found in the 
adult cells. The ectoderm also appears to be in reality a reticular 
syncytium, but cell bodies are clearly differentiated and regularly 
arranged in the regions of the outgrowths. They have here an 
elongated, columnar shape. Some large nematocysts, apparently 
such as were carried over from the parent, are present in the ecto- 
derm. A very few such nematocysts are found in the entoderm, 
and these seem to be in a phase of dissolution. 

Other masses from the same experiment (August 3) that were 
four and five days old were sectioned, and the results may be 
briefly given. While the mass is still spheroidal and before it 
has developed outgrowths, it may differentiate an ectoderm, ento- 
derm and central yolk. By the time a well defined layer of ento- 
derm is present, the yolk mass is small in amount and consists of 
scattered spheres or small groups of spheres. In such spheroidal 
masses the ectoderm and entoderm have the character of reticular 
syncytia. As outgrowths develop, both ectoderm and entoderm 
assume the character of columnar epithelia, especially in the out- 
growths themselves. 

■ LEPTOGORGIA. FUSION OF DISSOCIATED CELLS 

The species used was Leptogorgia virgulata, the ‘sea feather’ 
that is common, especially under piers, in Beaufort harbor. Some 
introductory experiments were made under my direction by my 
assistant, Mr. 0. W. Hyman. He established the fact that when 
Leptogorgia is cut into small pieces, and these pressed in gauze sacs 
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in the usual way, the tissue is broken up into small masses and 
separate cells. By the subsequent union of such masses and cells, 
smooth balls up to and over 1 mm. in diameter are formed. ■ These 
remain alive for days in laboratory dishes, but do not transform. 

A record of two subsequent experiments is here given. 

Experiment August 9. Pieces 4 to 5 mm. long are cut from the 
upper end of a yellow colony. The horny axis occupies about 
one-fourth the total diameter. These pieces are simply squeezed 
with forceps in a watch glass of water. The tissue exudes freely 
from the cut ends. Much of it is stringy. With pipette it is 
dispersed and so broken up. It is then shaken to the center of 
the watch glass and the glass transferred to a bowl of water, 11 :15 
a.m. 

Some of the tissue is now examined under a supported cover. 
It is made up as follows: (1) Ciliated cords and masses, vary- 
ing in size from large to minute are abundantly present. 
These are doubtless pieces of mesenterial filaments with mesen- 
terial tissue. (2) Motionless masses of loosely packed cells, 
also varying considerably in size are abundant. (3) Isolated 
cells and groups of a few cells are abundant (fig. 26). In fig. 26, 
a represents a characteristic small cell group made up of a few 
spheroidal cells with sharp outlines, some full of highly refractive 
granules, some merely containing a good many such. Similar 
granules form a compact mass at one end of the cell group, but this 
mass lacks a bounding pellicle. Separate spheroidal granular 
cells, b, resembling the constituents of a are common, and they 
may have pseudopodia. There is an abundance of small spheroi- 
dal masses of glassy protoplasm, c, the larger with one or two 
granules. Finally there are plenty of isolated granules, d, such 
as are found in the granular cells. In the category c the smallest 
elements must surely be fragments of cells or bits of intercellular 
connectives that have rounded off. 

The preparation under the microscope was watched for about 
an hour, and it was observed that fusion took place involving all 
the classes of constituents above enumerated. At 12 m. several of 
the larger ciliated masses were motionless, the surface bearing 
instead of cilia numerous small pseudopodia and transitional 
stages from cilium to pseudopod. 
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The tissue left in the bowl was examined at intervals. The 
masses grew evidently through fusion with one another and 
through incorporation of the granular cells and other elements. 
A typical mass at 2 p.m. is shown in fig. 27. The mass is full 
of granules like those of fig. 26, and in it the outlines of some sphe- 
roidal cells, like fig. 26 6, are distinguishable. Round it are similar 
granular cells and very many small masses of glassy protoplasm 
some with a few granules, some without any, ranging in size from 
mere points up nearly to the diameter of the granular cells. 

By 9 p.m. the process of fusion had gone so far that spheroidal 
masses with smooth surface, from about J mm. in diameter down- 
wards, were present. A number of these were now picked out and 
transferred to fresh sea water. In the formation of these masses 
about ten hours transpired. It is evident that during this time 
some regressive differentiation of the fusing lumps of tissue to a 
simpler condition took place. What the character of these 
changes were and how uniform they were, it would be interesting 
to know. 

The further history of the masses is briefly as follows. On 
August 10 they were alive. At this time they are perfectly opaque, 
and the smooth surface shows abundant fine flagellum-like 
pseudopods. Many of them are surrounded by a deposit of whit- 
ish material. This on examination proves to be made up of 
spheroidal cells of various sizes and degrees of granulation, which 
evidently have been slowly given off from the mass. This giving 
off of cells continues during the next day. It is probably evidence 
of a bad condition of the mass, and it’ is noteworthy that some of 
the masses do not exhibit it. 

x\ll of these bodies were preserved on August 11, and several 
were later sectioned. While still alive something could be learned 
of their histological structure by gently crushing them under a 
cover glass. On doing so some of the contents streams out in the 
shape of small spheroidal masses. The larger of these are like the 
granular cells (b) of fig. 26. From such they range down to mi- 
nufe particles of glass-like protoplasm just large enough to be seen 
at a magnification of 600. Of the intermediate sizes some are 
full of granules, others contain one or a few, while still others are 
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I'lfi. 2(i i.<‘|)tn^()rgi;L ('/'ll I' ami frar ('h'lni’iits of jin'yscil oii|. tissiif. 

X i2(K), 

Fiji;. 27 r,('j)t(>ji;orji;ia , iMisioti mass t wa hours (ifiai't! ttnnutns old. X Idd. 

witlioiit ^'rdinilf^s ^ind »'hiss-Iik(\ The granules in all those hodif's 
aiv niostly of one size and y(‘llo\vish. Su(*h an (‘xaniinatioii by 
iH) iiKvins noc{\ssarily iinplif^s that in the natural condition th(' 
mass is eoni{)osed of splioroidal e(‘lls, Hather, I assuim* that , on 
crushing, the c(dl bodi(\s ai'c sc'parated and, wlicax' su(*h ('xist, llic 
iiit(Te(diular sti'ands ai‘e ])roken. A ((iiick contraction would then 
make all the protoplasmic masses sphei’oidal. A body that has 
been slightly cruslied under a cover glass in this way may Imal. 
One such was kept for two hours in a moist chamb(‘r, and at the 
(md of this time the body liealed p(a‘fectly and was once more 
surrounded, as it originally was, l)y a smootli surface pellicle. 

Sections showed that these bodicN did not have a uniform com- 
position. In one fball 1) (he struct lU’c was as follows: Then* is a 
surface film but scxdions give* nothing d(*finite as to its composi- 
tion, Th{* interior is solid and shows no stratification into laycTs 
((^ctoderm and entoderm). In many n'gions one finds protoplasm 
studded with nuclei but no cell boiindarif's can be made out. 
In other places there are small cells, rounded or angular lliat are 
very closely packed. In still other places while the tissue is 
compact the cells are sliglitl}' separatial by unstained substance, 
probably fluid. In such places th(' cell bodies are distinctly 
outlined and intercellular strands of protoplasm arc freely present. 
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111 a IVw' small ai'(‘as tiiaro is a sraiily ac(‘umiiIatioii of mosoglooal 
j(*lly iinl)(Ml(l(Ml ill wliioh are some strands and small massc's of 
nu(*l<‘a1{Ml protoplasm wliinli aiX' fr('(‘iy int(‘r(‘oiinn('t(‘d. dla- 
j(‘lly stains hlm^ witli hanmalum (or ha('mato\yliii ) and with a 2 
mm. ()l)j{‘(‘tiv(‘ app(*ars lioniojjnn(‘ous. ddies(‘ s('V('ral observations 
show that tli(‘ mass is a syneytimn in dil'f(‘j'(Mit parts of which (*(*11 
Inxlii's ar(‘ dith'nmtiiitial in \-arious di^^rees. 



Fijr. 2S s(‘(‘( ion of ;i t'i!-:ion mass two dtiys old. La\-iT.-' 

ink'rprt'lrd as ('(’toiii'i'iii, rr-. and (‘nlodcrm, ( /(, }ia\ (' drvi'loinai. mcsnjiliiral 
jolly. X doO. 

Aiiotlier mass (^hall 2) has the sti-uetiii’c shown in lig. 28. TIkm'i' 
is a surface film Avhich a])pears as a mere lima Tlu' general mass 
consists'of (he syncytial cellular tissue descri])ed for ball 1, but 
round lialf of the l)ody two layers, ai)pa]‘(mtly tlu' (‘ctod(*rm and 
entoderm, ai’c differential (h1. T1h's(> laxaa’s ar(' distinctly diflVr- 

entiated, although there is no niesogloeal j(dly ladween them. At 
about the middle of the body they fade away into tli(‘ general 
mass, riie entoderm consists of moi’i^ or less columnar (dtmients. 
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ihc cotodM'iii of iiTc^ulai- cell bodies separated hy a srood deal of 
fluid and freely iiitereoiineeled. Near the eenlerof this hall is a 
considerable eolleetion of mesocloeal jelly, of the same eharaeler 
;is thill (lescribiMl for hiill 1, 

In still another f‘;is(‘ dxill 3) while a ]);irt of Iho hody rcsenihles 
hall 1. at ono end of the Ixxly (he stnietiin' is ihiit sliown in fio-. 
29. We find here jin iiecuimilatioii of hiK'ly granular, lijihily 
stained inatei'ial, ei/, which is quid' dillerent from meso^hx'al ji'lly 
;md is ])rol)id)ly a (iuid (hat has eoat*ulid('(j in (In' fixation pnxrss. 



I'ijj;. 'J9 L<‘|>f oifjoi'fiia, i^io (if scflioii thioujih a fusion mass two (lays old, 

(•(/, coa^iiluni : .s'.r.. supfu'iu'ial (.a'lls, X 1-ftO, 

The same ball contains some meso^loeal jellv n(\ar ih(‘ cent(‘i‘, In 
the reti^ion round the coa^'ulated fluid th(' vv\h are loosidy packed. 
Tlu \v ai’e nior(> i>r h^ss rounded and intei'(*ellular eouiK'ctions ai-(' 
praeticiilly absent, \hieuoles are eomnion in Ihese ci'lls jind a con- 
spieuous iiuelcohis is fretiiumtly to be seen. In tliis region tlii' 
surface layer is formed of fi/it tinned cells, s. <\ in this ball tluav is 
no diffei’entiation of ectoderm and eutod(‘rm layers. 

Iiiteriu'etiuj^; the I'esults of this study of sections, it seems prol)- 
able that ball 1 t'epreseiits an (airlier stages tmd bid! 2 a later one 
in which the coelenterate layers have bi^gun to differentiate. 
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III l)all tli(‘ (‘(nidition shown in 29 is jx^rliaps to lx* eom^lati'd 
witli th(* ^I’adual 1 ‘xtiHision of i'oui)d(Hl ^I'aiiulai* 0 (‘lls whioli j^oos 
on in till' cast' of sonirojf tlu; masses durinji; life, as alnxidy iveorded. 
Sueh a condition is oik*, ])(*rhaj)s, into wliieii tlu* d(Mise synevtiai 
rellular structure^ passes wli(*n tin* sti‘uj>:gle foi‘ life is ^oing against 
the body. It ina\' of (“oursc* only lx* a mortuary ehangi*, viz., a 
sto}) in a j)roe(*ss of gradual dyin^’, 

Th(* n*sults of this ex|)ei‘imeMt, whik* very ineonclusivi*. su^-^(‘st 
that tlu* l)odi(‘s foriiK'd by tlu* fusion of cell masses and cells would 
n‘Knn(‘ra((‘ into n(‘w individuals if placed underwood conditions. 
])ossibly hun»- out in j;auz(^ ba^s in a jiart of the har]>or wluai' 
the cuiTeiit is ^ood. 

Expcrunvnl Au(ju,st UK Small ])iec(*s of a la^pto^or^ia colonv 
w(a‘(* pressed out throuj^h ^aiize at 4.:^() p.m. The tissu(‘ that 
strixuns throii^i;h tlx* gauz(* is finer than that olitaiiunl in tlu* (‘.\]){aT 
nient just r(K‘ord(*d. It is mad(' up of the elements shown in 
fi^i,-. 2h :md of small opaipie lumps of tissue, mostly s])heroidal and 
many of tluMu ciliated, Avhich are commonly thi'ee or four times the 
diameter of one of the granular cells (fig. 20 h). Tin* living tissm* 
and the sjiicules are separated as far as jiossible. 

Fusion goes on and by 7 p.m. masses of irregular sha])i* ar(' 
pi-es(Mit. These are transferred to fn'sh sea watei-. The next 
morning a number of smooth balls have been formed, some of 
which have incorporated sjhcules. Tliese are k('pt for a cou])l(' of 
days during which they show no external signs of differentiation. 
Seetk)iis showed that these balls had essentially the same structure* 
as those* of the ])receding expeiinient. 

Uxi)erinw}it to le^l [he mjeiieralive pmccr.s of a /u.s/ea ///u,s-s u'hvti 
itii^rrlod in Ihc body of (ho pannii Sj>C(:ies, August 10. Six of th(' 
Leptogorgia fusion masses pi-oduced in the exi)eriment of August 
9 were inserted in the parent sjx^cies in the following way. A iheci' 
of an orange colored Leptogorgia, about five inches long, was slit 
lengthwise down to the horny axis. The slit so made was pushed 
open and the fusion masses dropped in with a ])ipette in a row. 
Ties were then made round the piece of Leptogorgia closing uj) tlx* 
covering layer of jxilyp.s over or partly over the fusion masses. 

On August 11, 10 a. m., the ties are removed. The slit has not 
healed but the edges have curled in. The whilisli fusion masses 
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may bo s('Oti iti tlu' slii. Tlu'V liavo fused with otu' atintiH'r in 
soino decree, the iiiind)(‘t' of inass(‘s now four, TIk' purv 

of Le])to^()i'^ia looks healthy; iIk' ))(ilyp> are W(dl (‘\}>aiuhHl. 

At 7 p.tn. tlio whole pi'epai'atioii is pi'osca-ved. Tlu‘ ipu^siions 
are; Have the fusion masses uiuler^ono any lu>lolo_nit‘al liiffenai- 
tiatiou’.^ Have' tliey established union with the' la‘])t(».i 2 :(U'^-ia‘' 
Sections tlirou^h one eh' tlu' masses showenl (hat the body had 
n-rowii def?per into the slit anel had e'stablishe'el e-onne'e-t ion with (he 
[.epto^orgia on one side' of the' slit. This e'ouuert ion include'd pe'i‘- 
f('(‘t ooiitimaly with the enlode'i'iuii' liiiiu^- <if a oe>e'l('nte'i‘ic eavity 
which had been laid opem anel alsei with tlu* e'niode'rni of st'oe-ral 
small eoeue'nehymal canals in the* ne'i^hborimod. The* whole* 
bision mass is soliel and sonmwhat club-shape'd at its oiil(*r e'lul 
when* it shows a sti'atili(‘atie)n into an outer stratum and an inner 
core. Tile ihickiiess of the* oute'r stratum is e‘oiisiele*rahl(- itu'luel- 
in^ seweral layers of ce*lls. Tfie* otlier masses elid iieU ])e'ne*trat<‘ 
se) dea'P into the slit, dliey we*r(‘ feniiid to be* in e'ontinuity with 
the supe'rficial layer of the* Leptopu'^ia. but liael not esiablisluni 
(‘onueetion with the iiiterieu' of the latle*r. 

The indieation from this expe'i'inu'ul , whieli was mere'ly iiu'aiit as 
a tentative eiue, is that the fusion masses if allowi‘el to ^row wouhl 
have become part of the Lejitot^or^hi colemy. 

ts'i'KitiAS. i'['ste)N OK Tiir: DisseKUATia) ciam-s tu- Tin-: 

IMMATI'IIK OOXAl) 

KxperimetU. Augud A. (le)uads 27) mm. hm^ of tlu* (*ouuium 
starfish, Asterias areiiieola, weir eait mto ])i(*c{s about o mm. loii^t 
and these wear iiresseul through tiauze* at 12 im Alemielant s(*p:i- 
rate* cedis and small cedi aK^ir^nt^'s stiram (Inrush tlu* ^auze to- 
^('tlicr with some iar^^'r ])iec(s of »;onael. 1 In* latte*r air pieke'd 
out. and the remaining material is shake'u to the* ce'ii(e*r e)l wateli 
o;lass. A droi) of the material is now e'xamined under the* nucro- 
S'eijie Manv of the cells whether fire or ce)mhm(*d m small aj^^ir- 
-ates are coars(*lv granular. Ifoth erlls anel aM'^re-ates show 
fine pseudopodia. The cedis ami the* ajt^rc^iutes epm'kly comlune 
and in a few minutes the fiohl of the mierosempe* presrnts the 
appearance slmwn in fi^^. 30. Their are numerot^ small masses, 
such as ep which have be(*n forme*d by the* iusjon of eedl aji^^reRat(*s 



II, V. WILSON 


. i 

aii<l s(‘i)aral(' vv\\>: and is an abiindaiua' af fr(‘(' oleimaits. 

Ainon^: tl)(' latt('i‘ ('oai‘s(^ly granular cnlls like 6, witli and witliout 
j)s(‘iid()fiodia, ai‘(' (‘oiispicMioiis. arc also many clear ^lass- 

iike (-(‘Ils O') raii^in^ rlown to hits just visibliL J’rcc <iTanulcs 
rf'scmbliii^!; tli(>s(‘ of fh(‘ ^r'ranular cells ai’C' abundant. TIk^ ma.'^ses 
(d make th(“ imprfssioii of bi'lii^ a^:^T('gations of the ^‘ranular 
cells do. bul d<nibtl(‘ss ot Inc' (^h'liKMits (mt(U‘ into their (*omj>ositioii. 
Abundaiil line pstaidopodia, oc(‘asionally branclK'd, (‘over the siu- 
faee such inass('s. 

I>y 1 p.ni, th(‘ tissiK' in iIh' watch ^lass lias combiiu’d to form 
a thill and I'xl (‘Msi\-(' ri'ticiilar platia producf'd by th(' ^rraduul 


I'i.jj;. MO Asi Sm;ill fusion muss mitl fi'cn of pressed mU linr.'i'I 

li.s.sii('. <r. X cno. I, and r X HMKI, 

fusion of inass(\s of many sha])es. Tlu' reticulum in ^(‘iieral is 
attacluHl, thou^ii feebly, to tlie glass, but ])L(a•(^s 1 to 2 nun. 
wid(' ha\'(' Ixam lu’okcn off and an' free. At 7 p.m. the whole 
n'ticiihim is bi'oken up into piecf's of about this size, and all 
tr,ansf(‘n'('d to fi’csh s('a wateia On th(' following day a number ot 
such pi('C('s had contractf'd into smooth, massive bodi('s. Hut 
all pi('c('s died in a day oi‘ two. 
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fixpnimenf Amjml /6'. (n^nads 20 inin. loii^' wtav w^A. 'I'ln' 
^(tiiads W{a’(* (*ut inlo picna^s and ilirsa <iiii])ly O'ascd up with ii('(*dh'> 
ill a watch glass of soa water, TIk' piiM-cs aiv thus hrokni into 
>inall inass(‘s. cells, and fi'agiiuaits, (‘ssiait ially liki' llmse shown in 
fig. 30. husioii conuiien(‘('s at onci' as in tlu' lonner ('Xpi’i'inn‘iii . 
ihe isolutial cells and tlu' massifs liotli lhro\\ ing out psianlopodia. 
The granular cells in particnlat^ air ohsiaaa'd (o heconn' intiavon- 
iiected by delicate and complex psiaidopodial laMwoi-ks. Tlie 
formation of pseudo])odia liy tlu* granular ci'lls may go on to siwh 
an extent that the gi-amilar substance^ of tlu' ciT body ainmsi 
disappears in tlu' network of jisinidopodial strands. This e pen- 
imait was not cari-ied farthei'. 

Sections showed that th(' gonads used in thi'si' {'xixaiuKaits weri' 
in the indifferent stage, Tlu^ germinal ('pitheiinm lining iIk- 
follicle is more than one layer (ka^p, and maii\' of th(‘ muT'i ar(‘ 
large and rich in chromatin. ’IOk' ('pitli(Tuni has pi-olihaaled In 
such an (xxteiit tlnd lh(‘ luiiKai is m'arly tilled wilhciTs. In 
-cctions tliesi' are coinpr(\ss(Mi. with I'atlu'r vagui'lv granular 
cytoplasm and nuclei whieli are smalka' than in iho lining celts. 
WTen th(‘ ]i\ing gonad is slightly pursed, llnrt' (‘ells exude and 
appear as th(‘ s])heroidal gi’amilar ('kamaits di'serilK'd al)o\('. 
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Ujmkm. I'. inOs i)i(‘ luitispiiny: ilrr .MMi’iifllilci:, <'iti nitulfullril /.w i -i-hi'ii 
Irclii liclu't' nnd iiii^csrh i(*c|| 1 1 irhri- tni i (|;i tizutm. IUdI. ( 'cno ;i I- 
t)lu((. B(l. ‘JS. 

('in(.(j, <\ Xt, laofi Th(' (itmcfiii [-(‘Us iViiiu (lil'lViciil I.-iU'd sdjiijiiic 
(‘(dl.s ill Monlt'ziu, Anal. Anzif’,i»:('i’, ltd 2!). 

lull Die l.'^niaOtm vmi d'cil(']i dcs OcunnisninH ids 

aiislo,''Ungsfak'(.'>r d(‘i' HildiiiiM’ iK'iicr ncUcucscti itnd dcr lO'.-l inn ion. 
\ ()rtraif:(' n. .\iifs;iU(' id Kiitw-.MrcIi, d, ( )^l^a!li^t)i^ll, Heft 11.^ 

Id i{'[[s, W. ddx' lif(' his1<)r>’, (lie iiornial ainl the i-cprodiaa i\r' (tfSiai)' of 

IMaiiaria niaeulala. Pi'nr, Horton Sor, .\at lli-i.. voi. di), 

Dioksoii, 11, laU'J Stiidini li, ila.- lO'ii-nlal ion'\ri-i]]<)i>oii dci' Orjiaii irnirn : 
d. Di(' lO’st it lUioncii \ o!i ( 'laxadliiia Icpadilofinlr. .\n-li. I. ImiI w 

Hd. 24. 

le A.vs. H. isnO si I'ucl urn and ni(Maiinji’phosis of llic lat“\'a oi Sponiillla 

laeuslri.s. {^iiart, .Tnuiai. Miff, S<‘i., vrd. t2. 
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I1ah<;itt. ('. \\ . KKH) A com rihiit ion to tiit* njifiira! history iunl (le\-ol(>j)in('tii 
of Ihninai'ia tiardhi Mc(h'. Atiicr. Naturalist, vol. -U. 

ItHIl 'I'lio c:u'ly (lcvt‘lo|)tncnl of I’cnnaria t iardla McCr. Arcli. f . Knt \v - 
!i,L is. 

LiKiuaiKi (j.\, N, is'if) H(‘itrafi:c ziir l-iiil wickf'lunjisgoschiclilo ilor Spoiigillcii, 
Afchiv fill' Aiuit, u, Pliysiolo^i(', .1. Mulh'i*. 

•M.ms, (), liKIl Die Kiiospiiti^faiiwifkluii^ tier Tctliya un<l ilir \'(‘i'}>:lei(’h mil 
(h'r ^‘‘•■^‘'lilcclif McIku' l''ort,pfl:tiizun|r (i(‘r Sclnvilmme. Zoitschr. f. wiss. 
Zool., Bd, 70. 

BKH) rcl)(‘r (lit' Linwirkurifi; Karhoiiaifr. Salzlosuni^en auf (‘rwachscnc 
Kalk.scli vviimnH' u, auf Mnl icklunns.^t aditai (ku'sclhcn. Arch. f. 
i'aitw.-.Mccli. tl. t )rnaiiism<'ti, Ihl. '2'1. 

ItMO 1 (‘her Iiivoliil ioiis(‘i>e)i(‘imin|i,<‘ii hei SciiwiiinitHai \i. ihi’C Hraleu- 
Inti^ Kir (lie .\iifT:issun|i; <les Spon^it'ukorpt'rs. I’k'stschr. z. sc<‘hzij«;- 
.'-leii ( lehiiff sta^(' Kicliai'd H eri u iji.s, Ikl. th 
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rhythms in the reproduc^tive aotivitv of 

INFUSORIA 

LORAKDE loss woodruff and georoe A].FRF:n HArTSl':LL 

Shefield Biological Laboraiory, Yale Uninr^iily 

THIRTEKN FIGURES 

In a study of the life history of Param3eciuin caudatinii by 
pedigree cultures, Calkins clearly illustrated the cycle, while the 
rhythms in the division rate were later emphasized by Woodruff 
in a study of the hfe history of several species of hypotrichous 
Infusoria. The fluctuations in their rate of reproduction were 
classified as follows A 

“A rhythm is a minor periodic rise and fall of the fission rat(‘, 
due to some unknown factor in cell metabolism, from which recov- 
ery is autonomous A 

A cycle is a periodic rise and fall of the fission rate, extending 
over a varying number of rhythms, and ending in the extinction 
of the race unless it is ‘rejuvenated’ by conjugation or changed 
environment” (cf. fig. 1). 

Gregory, in a study of the life history of Tillina magna, stated 
that “The curve which represents the general vitality of the proto- 
plasm shows the normal rhythmic fluctuations observed by W ood- 
ruff.” Gregory also made an analysis of the data secured by 
Popoff in his study of the life history of Stylonychia my til us, 
and she stated that “If the curve of kStylonychia is plotted from 
average records of five and ten day periods, it will be found to 
correspond to the curves of Paramacciiim, Oxytrieba and Tillina, 
each showing the rhythmic periods of high and low vitality.” 
More recent work has shown that Pararnaecium aurelia may be 
bred indefinitely on a culture medium which is varied from day 
to dayA i.e., the cycle does not occur under these conditions though 

‘ Woodruff C05). ® Cf. Woodruff (’Ha), Taf. 26, 27. 

the journal of experimental aOOLOOr, VOL, 11 , no. i 
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Fig. 2 Graph of the life history of Gastrostyla steinii showing the average 
daily rate of division of the four lines of animals which compose the culture, again 
averaged for ten day periods. Hay infusion culture medium. To illustrate a 
case where the rhythms are apparently absent for a considerable period. Compare 
with fig. 3, (Woodruff, '05) 

the rhythms persist undiininished; and also that the same result 
may be attained by a constant culture medium of beef extract® 
(cf. fig. 4). 

It is obvious from these investigations that the life history of 
Infusoria in pedigreie cultures comprises many minor rhythmic 
fluctuations in the fission rate from which recovery is autonomous. 
The results with beef extract as a constant medium for Para- 
maecium aurelia naturally led to an intensive study of therhythms, 
in order to determine if these also can be eliminated by a still 
more constant environment, i.e., whether they are, due to minor 
variations in the environment or to unknown intracellular phe- 
nomena, as originally stated. Possible sources of variation in the 
environment which might give rise to variations in the metabol- 
ism of the cell which would become apparent as rhythms in 
the rate of reproduction are: 1) Chemical composition of the 
culture medium, 2) Quantity and quality of the bacterial flora 
of the culture medium, 3) Excretion products of the paramaecia, 
4) Mechanical stimulation during isolation, 5) Light, 6) Baro- 
metric pressure, and 7) Temperature. The data secured which 
bear on this question are given in the present paper. 


* Woodruff and Baitaell (11). 
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METHODS 

Tho animals Bmploycd in this stud}'' wcro taken from the pedi- 
gree culture of Paramaecium aurelia (I) whicli one of us^ has liad 
under daily observation for fifty-one months and which has 
attained 2500 generations, up to the present time (August 1, 
191 l)j under the conditions of a varied environment, without 
conjugation or artificial stimulation. From tliis culture a sub- 
culture was isolated line by line on October 1, 1910, at the 2012tli 
generation, and carried for ten montlis on a constant culture 
medium of beef extract. It was then discontinued.'’ Tlic average 
daily rate of division of the four lines of this subculture (IB), 
again averaged for five day periods, was computed and the result 
is graphically shown in fig. 4. 

The experiments in regard to the rhythms were begun on June 
8, 1911, by isolating two subcultures line by line from IB at tlie 
2335th generation, and placing the animals in a similar manner 
on depression slides in five drops of tin' beef extract medium. 
This medium consisted of a 0.025 per cent solution of Liebig's 
extract of beef. The slides were kept in small moist chambers to 
prevent evaporation. The cultures were continued by isolating 
each day an organism from each of the four lines of the respective 
cultures, and placing it in fresh medium on a sterile depression 
slide. The number of divisions during the previous twenty-four 
hours was recorded at the time of isolation and from this data the 
graphs were drawn. One of these two subcultures was placed in 
a thermostat chamber at a temperature of practically 82° P\ 
(culture IB82a) and the other in a chamber at a temperature of 
practically 76° ¥. (culture IB76a), and maintained at this tempera- 
ture for forty days. 

A second series of two subcultures was similarly started from 
IB on June 18th, at the 2346th generation, and treated exactly 
the same as the above cultures. The cultures of this series were 
designated IB82b and IB76b, respectively. A third series of 
two subcultures was isolated in the same manner from IB on 
June 28th, at the 235oth generation, and these cultures were 

* Woodruff (Ula), 

® For further details of this subculture (IB) cf. WoodrulT ^d Baitscll (HI). 
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designated IB82c and IB 76c, There were then the following 
cultures, all of which were kept in the dark, involved in this 
experiment ; 

IB — at room temperature. 

IBH2a — isolated from IB and continued for forty days at 82° F. 

IB76a — Isolated from IB and continued for forty days at 76° F. 

IBS2b — isolated from IB and continued for forty days at 82° F. 

ir57Gb -isol Sited from IB and continued for forty days at 76° F. 

IB82e— isolated from IB and continued for thirty days at 82° F. 

IB76c — isolated from IB and continued for thirty days at 76° F, 

Since the entire point involved in this study depends upon the 
constancy of the environment to which the animals are subjected, 
this will be considered in detail. 

L Chemical composition of the culture medium. The culture 
medium was made up by weighing out the proper, amount of 
Liebig's extract of beef and diluting it with distilled water. The 
solution was then put into about one hundred test tubes, plugged 
with cotton and sterilized. The medium remained sterile until 
used. Since all the culture medium which was used throughout 
the experiment was made up at one time there was no variation 
in the medium itself during the work. 

Quantity and quality of the bacterial flora of the culture medium , 
Paramaeciurn is an animal which depends on bacteria for its food, 
und consetiuently these must be supplied. Sufficient bacteria 
were “automatically' transfeiTed with the animals at the first 
isolation to provide ample food until the next isolation at the end 
of twenty-four hours. Again at this time sufficient bacteria- 
were ^automatically’ carried over with the animals to infect the 
fresh medium in which they live for the following twenty-four 
hours, and so on. The quality of the bacterial flora was initially 
the same on all the slides because all the paramaecia used to start 
the various lines were taken from the same environment when the 
experiments were begun, and it is believed that this condition was 
maintained by the cross infection of all the slides almost daily. 
This also served to eliminate variations due to infections from 
the air of the moist chambers. Obviously the number of bacteria 
on a slide varied during the twenty-four hours between isolations. 
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But a study of the preparations showed that the paraniaecia 
keep down the results of the rapid multiplication of the bacteria 
by feeding on them, so that, although there is ample food for the 
animals at all times, the variation in the bacterial content of the 
medium is not so great as would at first glance ap])ear to be the 
case. However, the point to be emphasized is that these valua- 
tions, small as they were, were only of twenty-four liour duration 
since fresh culture medium was supplied daily. (Consequently 
any effect of the slight and unavoidable variation in the (piantity 
of the bacteria could result only in an intradiurnal rliythm in 
the division rate, and since the count of tlie generations was taken 
at twenty-four hour intervals, this variation would not appear in 
our records. Elaborateness of method is not necessarily coin- 
cident with exactness of technique, and therefon^ it, was considered 
unnecessary to attempt to ^sterilize’ the paramaecia and feed 
them on pure cultures of bacteria. Any effort in this direction 
has met only with partial success and has introduced compli- 
cating factors which, it is believed, would more than counter- 
balance any advantages to be gained for the problem in hand. 

3. Light. Throughout the experiments all the cultures were in 
absolute darkness except for the short time daily when the count 
was being made. This was unavoidable, but each animal was 
not exposed to the light for more than three minutes. A control 
culture carried in the light showed that light does not influence 
the rate of reproduction of paramaecium. This is in accord 
with the previous results'’ on the effect of light on tlie division 
rate of free-living Infusoria. 

4 and 5. Excretion products of paramaecia and mechanical 
stimulation during isolation. These factors may be eliminated 
because they could only give rise to an intradiurnal rhythm 
which would not appear in the data. 

6. Barometric pressure. A careful study was made of the varia- 
tions in the barometric pressure which occurred during the experi- 
ments. There was absolutely no correlation between the small 
fluctuations in pressure and the rhythms in the division rate, and 


* Maupas (’88) and Woodruff (’05). 
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consequently it can be positively stated that this factor plays no 
part in our results. 

7. Temperature, This is the chief possible variable in the envir- 
onment which we have to consider. In the original discussion of 
rhythms it was stated that “the results serve to emphasize the 
fact that while temperature does influence the rate of multipli- 
cation, it is not the most important element among the factors 
which cause fluctuations.” A study of figs. 4 and 5 shows that 
there is a certain amount of correlation between Ihe fluctuations 
of fission rate and of temperature, when the cultures aresubjected 
to the ordinary changes in temperature of the laboratory. 

Our experinients were carried on in a Panum thermostat,^ 
heated at one end with a gas flame (with an automatic regulator) 
and cooled at the other by a large ice chest. The thermostat 
was divided into nine chambers, grading down in temperature 
from one end to the other of the apparatus. The temperature 
was recorded in each chamber by a maximum and minimum 
registering thermometer, by a tube thermometer, and in one 
chamber also by a thermograph. Experiments were conducted 
in six of the nine compartments, but an account is given here of 
the results of the cultures at the two temperatures within the 
optimum zone for the strain of Paramaecium being used. The 
detailed data in regard to the effect of different temperatures on the 
division rate of this animal and its relation to the temperature 
coefficient of chemical reactions in general will be published later. 
We should state, however, that our results at other temperatures 
are entirely concordant with those here described. 

The temperature selected for the study of the influence of 
temperature on the rhythms were approximately 82° F. and 76° F. 
as it was found that the optimum zone for the culture included 
these points. During the fifty days that the experiments covered 
the variations in temperature did not exceed 3° F. ; for the greater 
part of the time the variation was less than 1° F., and for several 
periods it was less than 0.5° F. The greatest variation noted 

^ This apparatus was constructed for this and similar studies from an improved 
model designed by Professor L. F. Rettger of the Sheffield Bacteriological Labora- 
tory of Yale University. Our thanks are due Dr. Rettger for his kind cooperation. 
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Fig. 5 Sections of the culture graphs of two cultures of 
two cultures of Pleurotricha lauccolata, toget er wi p,;nU, To illus- 

room temperature for the same period. Averages for ten day P;/ ^ 

trate a striking instance of the apparent relation of rhythms to the fluctuations 
temperature. (Woodruff, ’05} 
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above occurred during a week of unusually hot weather when the 
sudden change was too great to be immediately compensated for 
by the automatic regulator. Great care was taken in removing 
the preparations from the chambers for the daily count and isola- 
tion. The culture medium to be used on one day had been put 
the day before in the proper chamber of the thermostat, and con- 
sequently the animals were Transferred to fresh culture medium 
of the same temperature. Of course any effect of variations 
arising from the daily transfers could only be intradiurnal and con- 
sequently would not appear in our results. It should -also be 
emphasized that the recorded temperature was that of the air 
in the thermostat, whereas the animals were in culture fluid on 
slides within the moist chambers in the thermostat. The tem- 
perature of the moist chambers obviously was still more constant 
than that of the thermostat chamber, as likewise was the liquid 
in which the organisms were living. Consequently the varia- 
tions in temperature which the animals experienced certainly 
never exceeded 3° F. throughout the experiments, and this maxi- 
mum variation occurred only at one period. For a period of ten 
consecutive days there was-no visible* variation greater than 0.4"^ F. 
It is believed that the temperature conditions were maintained 
as nearly constant as modern apparatus and the necessities of the 
experiment allowed. 

RESULTS 

The results can be stated briefly because graphs of the rate of 
reproduction bring out the points involved far, better than a 
description by words. Fig. 6, A, gives the average daily rate of 
division of the four lines of 'sister' cells of Paramaecium aurelia, 
series IB82a, again averaged for ten day periods, at S2° F. B and 
C show the same for series IB82b and IB82c. Fig. 7, A, B, and C, 
shows similarly the results derived from IB76a, and IB76b, and 
IB76c. Figs. 8 and 9 give the same data averaged for five day 
periods. Fig. 10 shows the average daily rate of division, for 
five day periods, of line 1 (of the four lines) of series IB82a and 
line 1 of IB76a. Fig. 11 gives the same data for series IB82b 
and IB76b. Fig. 12 presents the average daily rate of division 
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Fig. 6 A, Graph of the average daily rate of division al 82°F. of the four lines 
of 'sister' cells of Paramaeciura aurelia, series )BS2a, again average for ten day 
periods- B and C, Similar graphs for series IR82[) and IRS2e respectively. To 
illustrate rhythms in the fission rate when the cultures are subjected to practically 
constant conditions, including temperature. 
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Fig. 7 A, Graph of the average daily rate of division at Tfi^F. of the four lines 
of 'sister’ cells of Paramaecium aurelia, series 11376a, again averaged for ten day 
periods. B and C, Similar graphs for series 11376b and lB76c respectively. To 
illustrate rhythms in the fission rate when the cultures are subjected to practically 
constant culture conditions, including temperature. Compare with fig. 6. 
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Fig. 8 A, Graph of the average daily rate of division at 82®F. of the four lines of 
‘sister’ cells of Paramaecium aurelia, series IB82a, again averaged for day 
periods. B and C\, Similar graphs for series IB82b and IB82c respectively. To 
illustrate the fact that rhythms in the rate of division appear more pronounced 
under practically constant environmental conditions. Compare with the last 
ten periods of the culture subjected to room temperature changes (fig. 4). 

of the four lines of IB82a and IB76a, respectively. The vertical 
dotted lines include the ten day period during which temperature 
variations were entirely absent, or not greater than 0.4® F. Fig. 
13 gives the same results for series IB82b and IB76b during the 
ten days of most constant temperature. 

• A study of these graphs of the rate of reproduction of Para- 
maecium shows that the exceptionally and practically constant 
conditions of the environment failed to diminish or el imin ate the 
rhythms — but on the contrary tended to bring them out more 
clearly. The fact that the rhythms appear more pronounced 



‘sister' cells of Paramaecium aurelia, series IB76a, again averaged for five day 
periods. B and C., Similar graphs for series IB76b and IB76c respectively. To 
illustrate the same point as fig. 8. 
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Fig. 10 Graph of the average daily rate of division for^t’e day periods of line 
1 (of the four lines of 'sister' cells) of series IB82a (- continuous line) and of 
line 1 (of the four lines of ‘sister' cells) of series IB7()a (=---- line), lo 
illustrate the fact that rhythms of practically the same amplitude and character 
appear in a graph of a single line of cells as appear when four such lines are 
averaged together. Compare with fig. 8, section A, and fig. 9, section A. 

under the practically constant conditions existing during these 
experiments than they do under ordinary laboratory conditions, 
clearly suggests that they are due to a fundamental factor in 
cell phenomena and not to extraneous causes. For if they are 
due to inherent intracellular conditions, one would a priori expect 
to find them more clearly brought out when the cell is free from 
extraneous influences. 

A study of the curves of the division rate at the two tempera- 
turesshows that temperature, as is well known, markedly influences 
the rate, but it also shows that the rhythms persist-the repro- 
ductive activity being, as it were, pitched at a higher scale, but 
its character in no wise altered. In other words, it is not sug- 
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Fig. 11 Graph of the average daily rate of division for jive day periods of line 
1 (of the four lines of 'sister' cells) of series IB82b (= continuous line) and of 

line 1 (of the four lines of ‘sister’ cells) of series IB76b (= line). To 

illustrate ^he same points as fig. 10. Compare with fig. 8, section B, and fig. 9, 
section B. 


gested that the division rate is not largely a function of tempera- 
ture-^all other conditions being equal. It is probable that the 
temperature coefficient of the mean rate of division for a period 
including several rhythms will coincide closely with that of chem- 
ical reactions in general, but it is also probable for example that 
the rate of division at the crest of a rhythm at a high temperature 
and at the bottom of a rhythm at a low temperature will give a 
coefficient higher than the theory demands. Experiments to 
determine this point are in progress. 

It should also be pointed out that the total number of divisions 
attained during a prolonged period of time is comparatively con- 
stant. For example, the number of generations attained by 
culture I during 1909 was 613 and during 1910 was 612. Of 
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Fig. 13 Graph of the average daily rate of division of the four lines of ‘sister 
eclls of series lB82b continuous line) and of IB76b (=---- line) for the ten 
days during which temperature variations were practically absent. To illustrate 
the sam^ points as fig. 12. Compare with the section of fig, 12 included within the 
vertical dotted lines. 

course this very exact coincidence is an ^ accident’ but, taken with 
a considerable amount of data along the same line, it quite defi- 
nitely points to the fact that the organism has the potential for 
about a certain number of bipartitions during a long period of 
time and this number is approximately attained irrespective of 
the minor fluctuations in the rate, due to external or internal 
causes. 

In a recent paper, Jennings states that 

Within the same line the rate is sometimes very different for a cer- 
tain period, as a week or ten days, from the rate during the rest of the 
time. This is much more evident when one inspects a table in which the 
fissions are recorded day by day. The rate in a given line is there- seen 
at times to drop, remain low for perhaps ten days, then return to the 
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original rate. In most of all these eases tliere are evidences of patho- 
logical conditions during these periods of lowercvl rate of fission. Mon- 
stroaties appear, and many of the specimens die. Therefore thes<' peri- 
ods of slower rate are not to be considered as giving the eliaraeteristic 
rate for the race when healthy. In comparing diderent races, the 
periods when the rate of fission is high and uniform should be compared." 

These observations of Jennings are difficult to understand in 
view of our results with Paramaecium. His statement in I’cgard 
to weekly variations we would, at first glance, interpret as further 
evidence of rhythms; but throughout the more than four years 
of the life of this pedigree culture, a monster has never been seen 
in aixy of the direct lines, and only two or three times has a single 
deformed individual been seen in the heavy stock cultures which 
have been seeded from this strain. Further, it is au unusual 
occurrence for a line in any of our experiments to die out without 
assignable cause. Therefore it is necessary to emphasize that 
whereas the statement quoted seems, at first thought, to be in 
regard to periodic fluctuations in the rate of bipartition identical 
with those we call rhythms, nevertheless these fluctuations have 
absolutely nothing in common since, according to Jennings’ 
statement, those occurring in his lines are pathological. 


CONCLUSIONS 

The results of studies on the life history of free living Infusoria 
by exact pedigree culture methods show that, when these organ- 
isms are bred on comparatively constant culture media of hay 
or other infusions, the reproductive activity shows cycles and 
'rhythms. Further results show that when Paramaecium aurelia 
is bred on a varied culture medium, or on a constant medium of 
beef extract, cycles do not occur, but rhythms pecsist. The 
results given in the present paper show that it is not possible by 
constant environmental conditions to eliminate the rhythms and 
to resolve the graph of the multiplication rate into an approxi- 
mately .straight line. It therefore seems justifiable to conclude 
that there are inherent rhythmical changes in the phenomena of 
the cell which are- brought to view still more clearly when not 
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influenced by external facturs. Variations in the rhythm of divi- 
sion is well-known in the development of the toetazoon egg and it 
has yet to be satisfactorily explained. Towle in a paper on the 
effects of stimuli on Paramaecium makes the following state- 
ment: ^‘There may even prove to be rythmical changes in sensi- 
tiveness like those described by Lyon for cleaving eggs, arid Scott 
for unfertilized eggs. Something of this nature is indicated by the 
fact that paramaecia from the same culture vary in sensitiveness 
from day to day.” Woodruff (^05) wrote: “In my work on the 
effect of chemicals on Infusoria I have found that individuals 
react differently at various times to a given stimulus and I believe 
we have the clue to these changes in sensitiveness manifested in 
the rhythms of the fission rate.” 

Finally, the data justify the conclusion that the cells of this 
pedigree culture of Paramaecium aurelia have the potentiality 
to perpetuate themselves indefinitely by division (under proper 
environmental conditions) — the only necessary variations in the 
rate of reproduction being normal minor periodic rises an^ 
falls of the fission rate, due to some unknown factor in cell 
phenomena, from which recovery is autonomous. 
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THE REACTIONS OF EARTHWORMS TO DRY AND 
TO MOIST SURFACES 

G. H. PARKER and H. M. PARSHLEY 

The certainty with which an earthworm that is creeping over 
a partly moistened surface will avoid dry areas is well kjiown to 
students of animal activities. It is the object of this paper to 
discuss briefly the character of this response, the location of the 
receptors concerned in it, and the nature of the stimulus. The 
work was carried out on the comnion dungwonn, Allolobophora 
foetida (Sav.), but there is reason to believe that the results 
obtained apply equally well to most species of earth-worms. 

If a normal worm is allowed to creep over a horizontal sheet 
of filter paper that is wet with tap water excepting for a few spots 
and if it is directed by some such stimulus as light toward one of 
these dry spots, on reaching the spot, it will usually continue to 
creep over the dry surface for a distance varying from a few seg-' 
ments to half its length, stop, swing its head from side to side, 
then draw the anterior part of its body back to the moist region, 
and finally proceed to crawl in a new direction over the moist 
part of the paper. Of seventy worms put to this test only four 
failed to show the series of reactions just described. Tlieso four 
crept completely across an extensive dry area without showing 
the characteristic reaction, but a few days later three of these 
worms responded in a normal way, showing that their previous 
atypical condition was probably due to some unusual and tem- 
porary state. It is, therefore, fair to conclude that Allolobophora 
as a rule avoids dry areas. 

To ascertain the part of the worm that is stimulated by a dry 
surface, several kinds of experiments were tried. To test the 
sensibility of the posterior end of the worm, individuals were 
made to creep backward by touching their anterior ends slightly 
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and, when thus creeping, were directed toward a dry surface. 
Thirteen worms tested in this way made considerable backward 
excursions over such surfaces showing, as was to have been 
expected, that the posterior end of the worm is not especially 
sensitive to dryness. Next, forty-five worms, all of which had 
been found to respond normally to a dry surface, were deprived 
of their prostomiums and in some instances of an adjacent seg- 
ment or two, and were shortly afterwards tested on filter paper. 
All crept freely over a dry surface without showing the lateral 
movements and the retraction of the head characteristic of nor- 
mal worms. The regeneration of the prostomium takes place 
in from one to two weeks according to the extent of the injury. 
This regeneration was found to restore to the worm its original 
sensitiveness to dry surfaces and enabled it to react again in'a 
typical fashion. There is, therefore, every reason to believe 
that the region of the prostomium is the portion of the worm 
that is stimulated by dryness. 

The terminal surface, left after the removal of the prostomium 
offers more or less of an obstacle to the ordinary locomotor move- 
ments of the worm and to avoid this feature in the experiments, 
supplementary tests were made in which the prostomium, instead 
of being removed, was anaesthetized. After some preliminary 
trials, three anaesthetics satisfactory for this purpose we/e found; 
they were a weak solution of chlorotone, a 35 per cent solution of 
magnesium sulphate, and a 1 per cent solution of ether, all aque- 
ous. If the anterior tip of a worm is bathed with one of these 
solutions for from one to five minutes, the prostomium is found ' 
to remain insensitive to a dry surface for one or more days. 
Such anaesthetized worms will creep persistently over a surface 
of dry filter paper on which, before anaesthetization, they could 
not be induced to advance more than a very short distance. Full 
recovery from the effects of the anaesthetic occurs in a day or 
two. It is, therefore, clear from this evidence also that the pros- 
tomium and possibly some of the adjacent parts, of the worm are 
the receptive surfaces for this response. 

^ It might be supposed that the greater harshness of dry filter 
paper as contrasted with moist filter paper, instead of the simple 
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absence of water, was the significant factor in these reactions, 
but such IS not the case, for, if worms are allowed to creep on 
surfaces that remain equally rough whether they are wet or dry 
the same reactions are observed as in the tests in which filter paper 
was used. Such surfaces as those of bricks, tiles, etc present 
these conditions. In trials with the moist and dry surfaces of 
bricks results similar to those got on filter paper were obtained 
Moreover worms drew back from a dry smooth brick to creep on 
a wet rough one, and from a dry rough brick to creep on a wei 
smooth one, showing that the presence or absence of moisture, 
and not roughness or smoothness were the significant elements 
in these reactions. 

From these observations, it is quite evident that the prostoinial 
region of an earthworm can be stimulated by dryness to such an 
extent as to call forth vigorous locomotor responses of a charac- 
teristic kind. A moist surface seems to be unstimulating and to 
afford merely a condition favorable for the locomotion of the 
animal. In this respect the earthworm is the reciprocal of the 
human being, for our skin is more receptive to the condition of 
wetness than to that of dryness. With us, however, the sensa- 
tion of wetness is produced in all probability by a complex of 
pressure and temperature stimuli, whereas in the earthworm the 
response to dryness is dependent very likely upon a simpler stim- 
ulus.’ This is apparently the selective extraction of water from 
the peripheral protoplasm of the worm, a process which is favored 
by the capillarity of the dry surface over which the worm begins 
to creep and is probably dependent chiefly upon evaporation 
fronj the surface of the worm itself. Under such circumstances 
the materials in the peripheral protoplasm of the prostomium 
must become concentrated and probably initiate stimulation by 
undergoing some such change as partial coagulation. Processes 
of this kind are not well exemplified in the outer skin of man, but 
are niore nearly comparable with what occur in our mouths when 
by excessive evaporation the oral surfaces become somewhat dry. 




AN ATTEMPT TO ANALYZE THE CONSTITUTION 
OF THE CHROMOSOMES ON THE BASIS OF SEX- 
LIMITED INHERITANCE IN DROSOPHILA 

T. H. MORGAN 

From the Zoological Laborafory. Culiunbin Ufitoeri^ily 


FOUR FIGURES — COLOR PLATE 


In several preliminary notes I have given a brief account of 
the origin of four mutations in the eye-color of the fly, Droso- 
phila ampelophila. The heredity of these eye-colors may now 
be given in full, and the bearing of the results, on sex-limited 
inheritance in general, discussed. In addition to the eye-color 
data I shall also describe a few cases in which two other sex- 
limited characters have been studied in connection with eye- 
color, namely: short proportionate wings and yellow body-color. 
A full account of the heredity of these latter two characters will 
be reserved, however, for later publication. Here they are 
used only in so far as they give an opportunity to study the mode 
of inheritance of three sex-limited characters present in one 
individual.^ 

The experiments on Drosophila have led me to two principal 
conclusions ‘ 

First, that sex-limited inheritance is explicable on the assumption 
that one of the material factors of a sex-limited character is carried 
by the same chromosomes that carry the material factor fer femaleness. 

Second, that the ‘association^ of certain characters in inher- 
itance is due to the proximity in the chromosomes of the chemical 
substances (factors) that are essential for the production of those 
characters. 

* The facts here recorded were first announced in a public lecture given in the 
Marine Biological Laboratory at Woods Hole, Mass,, July 7, 1911. 
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PART I 

THE HEREDITY OF^ED, VERMILION (OR BRIGHT-REfa), PINK, 
AND ORANGE EYES 

The eyes of the wild fly are dull red, and may be designated 
‘ by the letter R. The bright-red eye is vermilion in color and is 
indicated by V in the tables. 

' The pink eye is more translucent than the red eye, but of about 
the same general tone. It lacks the dark fleck seen in the red 
and vermilion eye when the eye is examined ^ith a lens. This 
black fleck changes its position as the lens travels over the eye. 
The pink eye, P, is with a little experience easily distinguished 
from the other colors, especially in newly hatched flies. When 
the fly gets old the eye turns to a brown color very characteristic 
of this type of eye. 

The orange is the faintest eye color in the series. If the fly 
is very small it may be only tinged with orange. If the fly is 
large (coming from a well-fed maggot) the. orange eye, 0, is deep 
orange in shade; and without some experience it may be confused 
with the pink eye, especially if a mixed culture containing flies 
of different ages and sizes is examined. A little experience will 
soon make one familiar with the difference between these two 
colors. 

I do not hesitate to state that there are no intergrades between 
these eye-colors. Each color is distinct and breeds true to its 
kind. Moreover, the heterozygous flies show the dominant 
color. One Mose’ is indistinguishable from two doses of the color' 
determiner. 

In making the matings and recording the numbers I have been 
assisted in the experiments with eye-color by Miss Eleth Cattell; 
and in the experiments in sex-limited inheritance for three 
factors by Miss E. M. Wallace and by Miss M. B. Abbott. I 
wish to express here my appreciation of the assistance that they 
have given. I have discussed the theoretical results of the eye- 
color inheritance with Mr. A. H. Sturtevant, as the work went on. 
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and this discussion has been helpful to me in finding suitable 
formulae for the data. 

Rather than defer the discussion of the hiterpretation of the 
results to the end of the account I will take up each case in turn, 
A few words will suffice to make clear the symbolism used. The 
red eye of the wild fly seems to contain three pigments: red, pink, > 
and orange. The mutants have arisen by the loss in turn of one 
of the factors that make possible the development of the red 
color. * If these three colors (or the factors that stand for them) 
are represented by the symbols R, P, and 0, then the red eye is 
RPO, the pink eye is rPO, the orange eye is rpO. Obviously 
there is another combination possible, viz: the loss of the pink 
factbr and the retention of R and 0, giving RpO, which is the for- 
mula for the bright red or vermilion eye. The matter may be 
better expressed in another way. Should from any cause w^hat- 
soever the factor for pink (P) drop out, vermilion (RpO) would 
appear. If, on the other hand, the red factor (R) should be lost 
from the red-eyed fly, pink would result (rPO). By crossing a 
vermilion fly with a pink one, some orange-eyed flies (rpO) 
would appear in the second (inbred) generation by recombination. 

In the formulae that follow it is always assumed that one dose 
of red or pink gives the same result as do two doses, which accords 
with the facts. 

It is necessary to say a word in advance about sex determina- 
tion in these flies. I assume that every egg after eliminating its 
polar bodies, contains the sex chromosome, called X. Prior to 
their extrusion the egg, like, all the other cells of the female, 
contains two X’s or XX. The male cells contain one X. Half 
the spermatozoa contain one X, the other half lack X. Miss 
N. M. Stevens has shown that these relations are actually present 
in Drosophila. The peculiar ‘coupling’ of X with the factor for 
pink, that runs through the formulae and gives the significant 
results connected with sex-limited inheritance, will be discussed 
later. 
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Red eye by vermilion eye 

When red-eyed females were crossed with vermilion-eyed 
males all the offspring (93 in number) were red. These inbred 
produced in the second generation red females, red males, and 
vermilion males. The result shows that vermilion is sex-limited. 
The following table gives the results and numerical data: 

302 
179 
110 

The two classes of males taken together number 289, which is a 
close approximation to the 302 red females. The results may 
be accounted for in the following way: ^ 


Red 9 = RPOX - RPOX 



Vermilion 0 ^ 

= RpOX - RpO 



Red 9 
Red d' 

RPOXRpOX 

RPOXRpO 


Gametes of Fi • 

Red 9 
Red d 

0 0 

1 1 

X 


Fz Generation 


RPOXRPOX Red 9 

RPOXRpOX Red 9 ‘ 

RPOXRpO Red d 

RpOXRpO Vermilion d 


It will be noted that the red females belong to two classes, one 
pure, the other heterozygous: the red male is also heterozygous, 
while the vermilion male is pure. 

The reciprocal cross, namely, red male by vermilion female 
gives red females and vermilion males. In other words the 
daughters are like the father and the sons like the mother. This 
gives what I call criss-cross inheritance. When these Fi^s are 
inbred they give red males and females and vermihon males and 
females as shown in the next table. 


Red 9 by Vermilion cT ~ 


R 9 
R 


> 


j Red 9 

Red 

[Vermilion cT - 
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f 9 m 

Red c?* by Vermilion*? W ^ ^ 

IV c?* / I Vermilion 9 207 

[ Vermilion o’ l.SO 


The two preceding crosses are typical for all cases of sex- 
lipaited inheritance in Drosophila, and for some, perhaps for all, 
other cases. They may be summed up in the statement that 
where in one combination a character in the grandfather is trans- 
mitted to his grandsons alone, the reciprocal combination gives 
criss-cross inheritance. 

. The number of males and of females in each class is approxi- 
mately equal in the F 2 generation. The results are accounted for 
as follows: 

Vermilion 9 RpOX - RpOX 
Red d’ RPOX - RpO 


Red 9 RpOXRPOX 
Vermilion RpOXRpO 


Gametes of Fi 


Red 9 RpOX - RPOX 
Vermilion d' RpOX - RpO 


RpOXRpOX Vermilion 9 
Fj Generation RPOXRpOX R«d 9 

RpOXRpO Vermilion d 
RPOXRpO Red d 


Red eye by pink eye 

The results of this cross have been already published (Science, 
1911), but the hypothetical explanation not given. For the sake 
of completeness the facts must be restated here. Red female 
by pink male gave red male and red female offspring. These 
inbred gave in the Fa generation 3063 red males and females and 
169 pink males and females. 
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Red 9 by Pink cf = 


Red 9 \ 
fRed 9 \ Red <f j 
\Hed cf /Pink 9l 
Pink cf / 



In this case there is no sex-limited inheritance. An analysis 
of the result, based on the same formulae, gives the follG^ng: 

Red 9 RPOX - RPOX 
Pink cf rPOX — rpO 


Red 9 RPOXrPOX 
Red RPOXrpO 


Gametes of Fi 


Red 9 RPOX - rPOX 

Red cf RPOX - rPOX - RpO - rpO 


RPOXRPOX ] 
RPOXrPOX 3 red 9 
rPOXRPOX J 


rPOXrPOX . 1 pink 9 

RPOXRpO 1 
RPOXrpO i 3 red cf 

rPOXRpO J • 


rPOXrpO 1 pink cf 


The expectation is three times as many red females as pink 
females, and three times as many red males as pink males. 
The actual ratio is about 20 to 1, taking the two sexes together. 
Thus while all the classes are represented, and the reds in excess 
of the pinks, they are much more numerous than expectation. 
The cause of this deficit in the pinks will be discussed later when 
other similar results can be brought forward. 

The reciprocal cross, red males and pink females, gave in the 
first generation red males and females. These produced in the 
F 2 generation ^ed males and females, and pink males and females 
in the proportions shown in the next table. 
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Red 9 ] 

Red cf’byPink9 - ( Hed9.\ Red cfj 

iRedcf/Pink 9 ! 

Pink d’ 1 

The analysis of the result, based on the same forinulae. is as 
follows: 

Pink 9 rPOX - rPOX 
Red d' RPOX - RpO 


Red 9 rPOX RPOX 
Red d rPOXKpO 


Gametes of Fi 


Red 9 rPOX - RPOX 

Red ci" rPOX - RPOX - ^pO - lipO 


rPOXrPOX Pink 9 

rPOX RPOX Red 9 

RPOXrPOX ]{e(i 9 

P RPOXRPOX Red 9 

* rPOXrpO Pink d 

rPOXRpO Red d 

RPOXrpO Red d 

RPOXRpO Red d’ 

In this combination also the expectation is three red females to 
one pink female and three red males to one pink male, while the 
realization is about 5 to 1 for all reds versus all pinks. 


Red eye by orange eye 

When red-eyed females are crossed with oraiij^e-eyed mal(i.s 
all of the offspring have red eyes. These inbred produce red- 
eyed males and females, pink-eyed males and females, and ver- 
milion-eyed males and orange-eyed males. No females with 
vermilion or with orange eyes appear in the second generation. 
Here two characters are, in a sense, sex-limited, although tlie 
parents showed only one of them, viz., the orange. 


The journai/ of expicbimental zoology, voj-, 11. no. 4 
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Red 9 by Orange 1 ^ 


Red 9 
Red o' 
Vermilion cf 
Pink 9 
Pink o’ 
Orange O' 


138 
102 
.58 
. 5 
. 3 
. 3 


The number of pinks and oranges is very small, although the 
other classes contain a fair number of offspring. The analysis 
follows : 


Red 9 RPOX - RPOX 
Orange cT rpOX ~ rpO 


Fi Red 9 RPOXrpOx' 

Red if RPOXrpC 


Gametes of Fi 

Red 9 RPOX - 
Redd’ RPOX - 

rPOX 

rPOX 

- RpOX 

- RpO ■ 


RPOXRPOX 

RPOXrPOX 

rPOXRpOX 

1 ^ 

red 9 


rPOXiPOX 

1 

pink 9 


RpOXRPOX ' 

RpOXrPOX 

rPOXRPOX 

1 ^ 

red 9 

Ft 

rPOXrPOX 

1 

pink 9 


RPOXRpO ] 
RPOXrpO 
rPOXRpO , 

* 3 

1 

red f 


rPOXrpO 

1 

• 

pink f 


RpOXRpO 1 
RpOXrpO 
rpOXRpO J 

► 3 vermilion if 


rpOXrpO 

1 orange f 



CHROMOSOMES AND SEX-LIMITED INHERITANCE 373 


In this case the expectation was far ahead of the realization; 
k>r, while the red females to the pink females are estimated as 
3 to 1 they are as 37 to 1 in the actual count. Again the vermilion- 
eyed males should be as numerous as the red males, but they are 
not half as numerous* Thus while the formulae give the classes 
actually realized in the experiment with the sexes properly dis- 
tributed — a matter of no small complexity— yet the numerical 
results are by no means the expected ones. 

The reciprocal cross, red males by orange females, gives red 
females and vermilion males. These inbred produce eight classes 
in the second, or F 2 , generation. These eight classes represent, 
in fact, the whole gamut of eye-colors. 

193 
153 
151 
135 
49 
22 
13 
31 


Red c? by Orange 9 


j Red $ \ 
\Vermilion d' / 


1 Red 9., 

I Red d - . 

I Vermilion 9 ■ 
j Vermilion d. 
Pink 9 . 
Pink d- 
I Orange 9 . 

[ Orange d. 


In this combination the number of pinks and oranges is by no 
means so small as in the preceding case, although the other colors 
are not much more numerous than before. The analysis is as 
follows: 
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Orange 9 rpOX - rpOX 
Red RPOX - RpO 


Red 9 rpOXRPOX 
Vermilion cf rpOXRpO 


Gametes of Fi 


Red 9 rpOX - RPOX - RpOX - rPOX 
Vermilion o’ rpOX — RpOX — RpO — rp.O 


F. 


rpOXrpOX Orange 9 
rpOXRpOX Vermilion 9 
RPOXrpOX Red 9 

RPOXRpO?C Red 9 
RpOXrpOX Vermilion 9 
RpOXRpOX Vermilion 9 
rPOXrpOX Pink 9 

rPOXRpOX Red 9 

rpOXRpO Vermilion cf 
rpOXrpO Orange cf 
RPOXRpO Red d' 

RPOXrpO Red d 

RpOXRpO Vermilion d 
RpOXrpO Vermilion d 
nPOXRpO Red d 

rPOXrpO Pink d 


The expectation in the F 2 generation is 3 reds, 3 vermilion, 1 
pink, 1 orange. The numbers realized are somewhat in this 
same ratio, except that the pinks and the oranges again run 
behind their schedules. A curious, and I think significant, 
relation will be observed between the sexes in the last two classes; 
for, the pink females* are twice as numerous as the pink males, 
while the reverse holds for the orange-eyed flies. ■ The same 
relation comes, up again in the pink-male by orange-female 
cross to be described later. 
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This completes the crosses between red and the other colors. 
We may now take up the remaining combinations. It will be 
noted that from now on the results are about an exact duplication 
of the series just described. The results may be said to be mirror 
figures of each other which suggests the fanciful idea that the 
combinations of colors, that the tables represent, have some such 
stereometric relation. 


Vermilion eye by pink eye 

When a vermilion-eyed female is crossed with a pink-eyed 
male, all the female offspring are red, and all the male offspring 
are vermilion. These inbred 'produce in the second generation 
all four classes of both sexes: 


Vermilion 9 by Pink d' 


Red 9 110 

Red d 02 

Vermilion 9 104 

/ Red 9 \ Vermilion d 84 

\ Vermilion d y , Pink 9 36 

Pink d 16 

Orange 9 36 

Orange d 17 


A deficiency in the males of every class is noticeable in this cross. 
The total of all the females is 286 and of all the males 179, nearly 
2 to 1. The analysis, as shown in the next table, calls of course 
for equal numbers. 
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Vermilion 9 RpOX — RpOX 
Pink rPOX — rpO 


Red 9 RpOXrPOX 
Vermilion RpOXrpO 


Gametes of Fi 


Red 9 RpOX - rPOX - RPOX - rpOX 
Vermilion cf' RpOX — rpOX — RpO — rpO 


lipOXRpOX 


Vermilion 

9 

llpOXrpOX 


VcrmUion 

9 

rPOXRpOX 


Red 

9 

rPOXrpOX 

- 

Pink 

9 

RPOXRpOX 


Red 

9‘ 

RPOXrpOX 


Red 

9 

rpOXRpOX 


Vermilion 

9 

rpOXrpOX 


Orange 

9 

RpOXRpO 

= 

Vermilion 

cT 

RpOXrpO 

= 

Vermilion 

cf 

rPOXRpO 

= 

Red 


rPOXrpO 


Pink 

.d 

RPOXRpO 


Red 

(d 

RPOXrpO 

= 

Red 


rpOX RpO 

= 

Vermilion 

d^ 

rpOXrpO 


Orange d’ 


The expectation both for males and females is 3 red, 3 vermilion, 
1 pink, 1 orange. The females give , approximately this result, 
while the males fall below the expectation, especially the pink 
and orange males. 

• The reciprocal cross, vermilion male by pink female, gives all 
'red offspring. These inbred give for the Fs generation red males 
and females, vermilion males, pink males and females, orange 
males. Here again a case- of double sex-limited inheritance 
occurs, and of course in the same colors, vermilion and orange, as 
before.* 


Red 9 756 

Red 334 

fRed 9 \ Vermilion cT 397 

\Red ci’ / Pink 9 ' 214 

Pink cf 99 

Orange d’ 84 


Vermilion c? by pink 9 



CHROMOSOMES AND SEX-LIMITED INHERITANCE 


377 


The numbers are relatively high in this experiment, and signifi- 
cant. The red and the vermilion males taken together give 
approximately the same number as the red females. Similarly 
the pink and the orange males, taken together, are nearly as 
numerous as the pink females. The following table shows what 
the expectation is in regard to these numbers; 

Pink 9 rPOX - rPOX 
Vermilion o’ ItpOX — lipO 

Red 9 rPOXHpOX 
Red rPOXlipO 

Red 9 rPOX - RPOX - rpOX - U|)OX 
Gametes of Fi rPOX - RPOX ' r})0 - Ri>() 


1-POXiPOX 

== 

Idfik 9 

rPOXRPOX 

= 

Red 9 

RPOXrPOX 

- 

Reti 9 

RPOXRPOX 


Red 9 

rpOXrPOX 

= 

Pink 9 

rpOXRPOX 

- 

Rrd 9 

RpOXrPOX 


Red 9 

RpOXHPOX 


Rc<l 9 

rPOXrpO 


Pink c/" 

rPOXRpO 


Red o’* 

HPOXrpO 


R('d o'’ 

RPOXRpO 


lied o’ 

rpOXrpO 

- 

Oi'tmfiie J- 

rpOXRpO 


Vermilion o’ 

RpOXipO 


Vermilion o 

RpOXRpO 

= 

^"ermiI^on if- 


The preceding analysis shows that there should be three times 
as many red females as pink females. There are, m fact, some- 
what more than three times as many. The pink males should 
be to the red males (or to the vermilion) as 1 to 3. They do ilot 
come up to this ratio but nearly approximate to it. bitmlar y tor 
the orange males. In this instance, where the numbers are large, 
it is quite apparent that the expected and the realized results 
fairly agree.' The failure is here again obviously due to a reduc- 
tion in the number of tlie pink and orange cla.sses. 
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Vermilion eye by orange eye 

When a female with vermilion eyes is bred to a male with orange 
eyes, all of the offspring are vermilion eyed. These inbred pro- 
duce the two grand-parental colors in males and in females. 


Vermilion 9 by Orange 


[ Vermilion 9 909 

/ Vermilion 9 \ I Vermilion 9H 

\ VermilioncT / | Orange 9 131 

' ' [ Orange cf.. 177 


The one point to notice here is the excess of orange males over 
orange females that has occurred in all of the preceding cases 
where both classes occur. The absence of red and of pink from 
the combination is due of course to the absence of pink in both 
parents. 

Vermilion 9 RpOX - RpOX 
Orange cf* rpOX — rpOX 


Vermilion 9 RpOXrpOX 
Vermilion d' RpOXrpOX 


Gametes of Fi 


Vermilion 9 RpOX — rpOX 

Vermilion <f RpOX — rpOX — RpO — rpO 


RpOXRpOX] 



RpOXrpOX 1 

3 vermilion 

9 

rpOXRpOX J 



rpOXrpOX 

1 orange 

9 

RpOXRpO ] 



RpOXrpO i 

3 vermilion 

d 

rpOXRpO J 



rpOXrpO 

1 orange 

d 


The analysis calls for 3 vermilion females to 1 orange female. 
In fact, 5 1 times as many vermilion as orange females are found 
and the same disproportion, due to deficiency in orange, is found 
also in the male classes. 
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The reciprocal cross, vermilion male by orange female, gives 
also all vermilion offspring. These inbred give both original 
classes in both sexes. 


Vermilion cT by Orange 9 


j Vermilion 9 
\ Vermilion cf 


f Vermilion 9 . . ■ 

.411 

1 Vermilion d'.. 

, 330 

] Orange 9 . 

,,.,50 

[ Orange 6^ . . 

....62 


Here a slight excess of orange males over orange females occurs. 
The relation of vermilion to orange is seen in the following analy- 
sis. 


Orange 9 rpOX ~ rpOX 
Vermilion (f RpOX — RpO 


Vermilion 9 rpOXRpOX 
Vermilion cf rpOXKpO 


Vermilion 9 rpOX - RpOX 

Gametes of Fi Vermilion cf rpOX - RpOX - rpO - RpO 


F, 


rpOXrpOX = 1 orange 9 
rpOXRpOX ] 

RpOXrpOX I = 3 vermilion 9 
RpOXRpOXJ 

rpOXrpO = 1 orange 


rpOXRpO 1 

RpOXrpO , [ = 3 vermilion 
RpOXRpO j 


The expectation is for three vermilion females to one orange 
female: the actual numbers are 8 to 1. The same expectation 
holds for the male while the actual numbers give 5^ to 1. 
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Pink eye by orange eye 

When a pink-eyed female is paired with an orange-eyed male, 
all of the offspring are pink. These inbred produce pink males 
and females and orange males. 


Pink 9 by Orange = 


(Pink 9 \ 
[Pink d' Z' 


f Pink 9 1035 

j Pink d 512 

[Orange d 518 


The two classes of males taken together give almost exactly the 
same number as the females. Both pink and orange males occur 
in equal numbers. In this experiment there appeared 15 orange 
females (not given in the table). This is possibly due to further 
mutation in the hybrid or to some error. The formulae are as 
follows: 

Pink 9 rPOX - rPOX 
Orange d rpOX — rpO 


Pink 9 rPOXrpOX 
Pink d rPOXrpO 


Gametes of Fi 


Pink 9 rPOX - rpOX 
Pink d rPOX - rpO 


rPOXrPOX Pink 9 

* rpOXrPOX Pink 9 

• Fs rPOXrpO Pink cf 

rpOXrpO Orange d 

The reciprocal cross, pink males by orange females, gives the 
criss-cross inheritance, viz., pink females and orange males. It 
is of interest to note in passing that there were 233 pink females 
and 215 orange males recorded in this Fi generation, showing that 
in the direct cross the sexes of opposite colors appear in nearly 
equal numbers. In the second generation both colors in males 
and females occur. 
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U- 1 , U ^ / Pink? 

PiBk O' by Orange ¥ =|Orangea’ 


[ Pink 9 572 

j Pink o' 292 

I Orange 9 312 

i, Orange o' 522 


In the F 2 generation a peculiar relation becoines apparent; there 
Ve one half as many pink males as pink females, while in the 
orange class the females are only a little more than half as numer- 
ous as the males. Thus while the total number of females of both 
classes (884) is nearly the same as the total number of tlie males 
when ’both classes are added together (814), yet this approximate 
equality is due to the reverse ratio of the sexes in the two color 
classes. It is worth noting, too, that this relation exists in the 
same group, in which as stated above, the pink 'females and 
orange males existed in equal numbers in the F] generation. In 
fact, it is just these two classes that still exist in equal numbers in 
the F 2 generation that give the significance to these results. 

The analysis of this case is as follows: 

Orange 9 rpOX - rj)OX 
Pink cT rF^OX - i|)0 


Pink 9 rpOXrF'OX 
Orange d' rpOXrpO 

Pink 9 rpOX - ri^OX 

Gametes of In Orange rpOX — rpO 

rpOXrpOX Orange 9 
rPOXrpOX Pink 9 
rpOXrpO Orange d 
rPOXrpO Pink 

At present I can offer no reasonable explanation of this peculiar 
relation between color and sex as shown in this experiment. It 
appears to be related to facts to be described later in connection 
with associative inheritance, and it is probably also related to a 
change in the sex-ratio that I have recorded in another cross 
(see Proc. Soc. Exp. Biol, and Med., 1911). As I have these 
problems still under investigation I shall not discuss tlieni further 
here. 
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Discussion of results on eye-color 

An examination of the formulae used to interpret the preceding 
results will show three points of importance. Firsts that the red 
factor R may be present in the male-producing sperm. It is 
present there, in fact, if the fly has either red or vermilion eyes. 

Second, the factor for pink is only present when X or the sex 
factor is present. It is absent, therefore, from all male-producing 
sperm. It is true that X may exist without the pink factor, as in 
the vermilion and orange flies that owe their peculiarity to the ab- 
sence of P. If the P is contained in X, as its connection with 
sex establishes, then its absence must be due to its loss from X. 
Consequently while X may exist without P, the latter, P,can 
occur only when X is present. 

Third, the factor for orange, 0, is present in every case. It 
might, therefore, be omitted from all of the formulae ^dthout 
affecting the results, provided the absence of R and of P be 
assumed to give 0. But since orange is a definite color the 
absence of red and pink can not be assumed to leave orange. 
For this reason I have always inserted it. Its location can not 
be identified because it seems never to be lost. I shall give my 
reasons later for not identifying it with the color-producer C. 

The facts here recorded for the factor P amount in my opinion 
to a demonstration that this factor is intimately associated with 
the factor for sex. All of the 58 classes found in the second filial 
generation can be accounted for on the assumption that X contains 
P, when P is present; and, as I pointed out in connection with the 
heredity of white eyes versus red eyes, sex-limited inheritance 
can be explained by assuming that X carries red if red is pres- 
ent. In the case of vermilion and of orange eyes pink is lost from 
X and the formulae give the classes realized. The asymmetrical 
distribution of pink follows the same law as the asymmetrical dis- 
tribution of the sex chromosomes. 

A study of the formulae also reveals the fact that in the male of 
these classes fred and pink) when pink is present in the simplex 
condition (it can not occur otherwise in the male) no interchange 
takes place between the pink element contained in the X-chromo- 
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some and any other chromosome, because, as I have previously 
pointed out, the sex chromosome in the male has no mate. Con- 
sequently no such interchange of chromatic particles, as we must 
assume possible for the other chromosomes, is here possible. The 
entire scheme of sex-limited inheritance rests, as I havT, tried to 
show, on this simple basis. To prevent a possible misundemtand- 
ing I may point out that the behaviour of the R-faetor illustrates 
how an interchange of R and no R is possible in t he male. If the 
R is contained in some other chromosome in the lieterozygote it 
may interchange position with its absent condition in a corre- 
sponding position or particle in the mate of this chromosome. 

The facts here recorded for the inheritance of pink make out a 
strong case in favor of the view that sex-limited inheritance 
can be explained if we locate the factor for pink in one of the sex 
chromosomes. I have pointed out that a similar assum])tion 
explains the heredity of white eyes, also sex-limited. T can state 
that the same assumption will accountfor theinheritanceof yellow 
color and for the two wing mutations that are sex-limited. More 
important still is the fact that the extremely complicated results 
that follow when two or more of these sex-limited characters are 
combined must also be explained on the same ])rinciplc, It is 
this evidence that has convinced me that segregation, the key 
note to all Mendelian phenomena, is to be found in the separation, 
during the maturation of the egg and sperm, of material bodies 
(chemital substances) contained in the chromosomes. 

This conclusion need not mean that the material bodies pres- 
ent in the chromosomes are the substances out of wliich^the 
unit-characters are built up. On the contrary all that this evi- 
dence goes to show is that the bodies represent some material 
necessary for the development of the particulai characterdn ques 
tion, and it is certain that other parts of the cell also contribute 
to the elaboration of the unit-character. This is the view 
should adopt, provisionally, as the more probable. We see, in 
fact, that the red color of the eye of the wild fly is due to the col- 
laboration of at least four different factors in the cell, namely, a 
red, a pink, and an orange determiner, and a color 
The pink determiner and the color producer arc earned by the 



384 


T. H. MORGAN 


X*K5hromosome, but are not otherwise related. The red factor 
is contained in some other chromosome; the orange factor we 
can not yet locate. 

Concerning the chemical nature of the three colors I have no 
facts to ftffer. That they may be related chemically is made 
probable by the evidence, to be given later, that they are all three 
activated by the same color-producer C. If this is admitted we 
see that similar substances may be contained in different chromo- 
somes, and the further conclusion is then near at hand that in 
some cases the same substance may be carried by more than one 
chromosome. In connection with a mode of inheritance that is 
not as yet clearly Mendelian, viz., beaded and truncated wings 
I shall examine this assumption further, but it is not needed for 
the cases here described that follow Mendel’s law for one pair of 
factors. 

In the application of the Mendelian formulae to the genera- 
tion it has been only too often apparent that while the formulae 
give in all cases the expected classes, yet the numerical results 
depart widely from expectation. A consideration of the facts 
will bring conviction to anyone, I think, that the numerical depar- 
tures from expectation are due to special, disturbing factors. At 
another time, when I am able to present other data for wing inher- 
itance, and for disturbances in the sex ratios, I shall take up the 
question of these irregularities more fully.* Here I can only 
point out one or two possibilities. In some cases the disturbance 
can be traced directly to the principle of ^association.’ By this 
I mean that during segregation certain factors are more likely to 
remain together than to separate, not because of any attraction 
between them, but because they lie near together in the chromo- 
somes, as will be explained more fully later. For example, when 
red 9 RPOX is crossed with pink d" rPO the offspring are red $ 
RPOXrPOX and red & RPoXrpO. As shown by the analysis 
on page 370 there are four classes of spermatozoa possible, but if 
R and P tend to hold together^ rather than interchange with r 
there will be more female-producing sperm RPOX than rPOX, 


* In reality C and P. 
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and hence proportionately more reds in relation to pink than 
random or Mendelian segregation demands. The same principle 
applied to other cases will often account for the disturbances in 
the Mendelian ratios. 

It is evident, however, that other conditions also may be respon- 
sible for the irregular ratios. The fact that the low types of 
mutants—those that have lost two factors, for example-fall 
short of expectation as compared with the normal type, and the 
disturbances in the sex ratios call perhaps for a different explana- 
tion. In regard to the former it is probable either that gametes 
containing certain combinations are less likely to fertilize or be 
fertilized or that the product of such fertilization is less viable. 
Until certain work is completed that I have on hand there is no 
need to attempt to decide which of the suppositions is the correct 
one. 
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PART II 

THE RELATION OF THE COLOR PRODUCER C TO THE COLOR 
DETERMINERS OF EYE COLOR 

In a preceding paper (Science, July 1910) dealing with sex-, 
limited inheritance of white eyes I have shown how the results 
are explicable on the assumption that the factor 'for red color 
is absent from the X-chromosome in the white-eyed individuals. 
It may appear that this assumption flatly contradicts the assump- 
tion made in the preceding cases for eye-color in which it is shown 
that the factor (a factor!) for red R is present in the male-produc- 
ing sperm (when red is present at all). There is no contradiction, 
however, for it is not the color determiner R that is present in 
the X-chromosomc, but the color-producer C. It is the absence 
of C from X that gives the white-eyed fly whose formula is cRPO. 
For the sake of simplicity I have not introduced this relation in 
the preceding examples. The change, if introduced, gives pre- 
cisely the same results, but adds another letter. 

I purpose now to consider the relation of This C factor to the 
eye colors. It may make the case simpler if first an example 
for white and red is given. * . 

When a white-eyed male is crossed to a red female the offspring 
are red. These inbred give red females (50 per cent), red males 
(25 per cent), and white males (25 per cent). The formulae are 
as follows: 


Red 9 

CRX 

- CRX 

Wliite d" 

eRX 

^ cR 


Red 9 CRX 

- cRX 

Red y CRX 

— cR 


CRXCRX = 

Red 

9 

CRXeRX = 

Red 

9 

CRXcR = 

Red 

cf 

cRXcR = 

White 

d' 


The converse cross, white female by red male, gives red females 
and white males. These inbred give red males and females and 
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'White males and females. The formulae for this case are as 

follows: 

White 9 cRX - vllX 
Red o' CRX - eR 


Red 9 cUX - CRX 
White cKX - eU, 


cRXcRX = White $ 

F.. CRXcRX = Red 9 ' 

cRXcR = • White c/' 

CRXcR = Red cT 

These two examples will serve to show the method hy which all 
the white-red combinations can be treated. The results arc those 
that I have already published (Science, 1910, vol. 82). 


Pink eye by white eye 


The results of this combination have been already given 
(Science, 1911). Since the numerical relations were peculiar 
I repeated the experiment and obtained large numbers of individ- 
uals that furnish a better basis for interpretation. When a 
pink-eyed female is bred to a white-eyed male all the offspring 
have red eyes. These inbred produce red-, white-, and pink- 
eyed offspring in the following proportions: 


, Red-eyed females. 
Red-eyed males. , . 
• White-eyed males. 
Pink-eyed females 
Pink -eyed males. . . 


1183 

579 

009 

357 

141 


If we interpret these results in the same terms as those used 
for white and red we get the following formulae. Since the orange 
factor is present throughout and the orange eye is not involved 
0 is omitted. The white-eyed male came from red stock through 
the loss of C and his formulae is cRP + cR. 


THB /OXfJElNAt. OF EXPERIMENTAL ZOOLOGT, VOL, 11 , NO. 4 
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rink $ CrPX - CrPX 
White cf cRPX — cR 


Red 9 CrFXcRPX 
Red & CrPXcR 


(iametes of Fj 


Red 9 CrPX - crPX - cRPX - CRPX 

Red cT CrPX - CRPX - cR - cr 


CrPXCrPX 

. = 

Pink 

9 

CrPXcrPX 

= 

Pink 

9 

CrPXcKPX 


Red 

9 

CrPXCRPX 


Red 

9 

CRPXCrPX 


Red 

9 

CRPXcrPX 

- 

Red 

9 

CRPXcRPX 


Red 

9 

CRPXCRPX 

- 

Red 

9 

cRCrPX 

_ 

Red 


cRcrPX 

= 

White 


cRcRPX 

= 

White 

(S' 

cRCRPX 


Red 

& 

crCrPX 


Pink 

& 

crerPX 

= 

White 

d' 

crcRPX 

= 

White cf 

crCRPX 

= 

Red 

d 


The expectation is six red females to two pink females or 3 to 1. 
The realization is close to expectation, there being a small deficit 
in pink females. For the males the expectation is three reds to 
‘ one pink. The realization is 4 to 1 due to deficit in pink males. 
The expectation for white males is the sum of the pink and ifed 
males\- the realization is not far from this number. The white 
males should be to the red males as 4:3 which is approximately 
realized. 

The reciprocal cross, white-eyed females to pink-eyed males, 
gives in the first generation red-eyed females and white-eyed 
males. These inbred gave the following colors and ratios: 
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Red-«yed $ 

Red-eyed d' 747 

White^yed 9 8<)4 

White-eyed d' • S:i2 

Pink-eyed 9 21)1 

Pink-eyed cf 210 


The application of the same formulae to this case gives the 
following results: 

White 9 cRPX - cltPX 
Pink d CrPX - cr 


Red 9 cRPXCrPX 
White (f* cRPXcr 


Gametes of Fi Red 9 cRPX - CrPX - CRPX - crPX 
White cT cRPX - crPX ~ cr ~ cR 


cRPXcRPX 

= 

Wliite 9 

cRPXcrPX 

= 

White 9 

CrPXcRPX 

= 

Red 9 

CrPXcrPX 


Pink 9 

CRPXcRPX 


Red 9 

CRPXcrPX 


Red 9 

crPXcRPX 


White 9 

crPXcrPX 

= 

White 9 

cRPXcr 


Whit (i (d 

cRPXcR 


White (f 

CrPXcr 


Pink cf 

CrPXcR 


Red id 

CRPXcr 


Red cT 

CRPXcR 


' Red id 

crPXcr 


White (d 

crPXcR 


White id 


In both hiales and females the color ratio is 4 white^ 3 red,- 1 pink. 
The actual numbers are a fair approximation to this expectation. 



390 


T. H. MORGAN 


PART III 

HEREDITY OF TWO SEX-LIMITED CHARACTERS COMBINED 
WITH FOUR EYE COLOR CHARACTERS.* 

In this experiment a male with short proportionate wings ’and 
white eyes— both sex-limited characters —was mated to an oYange- 
eyed female with long wings. The white-eyed male was a white 
from red stocky cRPO. 

In the first generation all of the offspring had long wings like 
the mother's; the females had red eyes and the males had ver- 
milion eyes. These were inbred and produced the second or 
F 2 generation that contained flies having redj vermilion, pink, 
orange, and white eyes. In each of these classes, however, the 
short- winged individuals w^ere males, as shown in the next table: 


Red $ long wings , .392 

Red cT' long wings 14 

Red (T short , wings 66 


Vermilion 9 long wings .413 

Vermilion cT long wings 254 

Vermilion (T sliort wings 10 


Pink 9 long wings. 
Pink c? long wdngs. 
Pink (T short wings 


Orange 9 long wings . 
Orange & long wings. 
Orange cf short wings 


White (T long wings 95 

White c? short wings 202 


It will be observed at once that the inheritance of short wings 
and of white eyes is strictly sex limited. It will also be observed 
that each eye color has been combined with short wings, but 
only of course in the male sex. The total number of short winged 
males having red, vermilion, pink, and orange eyes is 92, while 

* See also ‘‘ThelMethod of Inheritance of Two Sex-Ljpited Characters in the 
Same Animal.” . Proc. Soc. Exp. Biol, and Med. vol. 8, Oct. 1910. 


88 

7 

15 


119 

79 

1 
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the number of short winged males witli white eyes is twice this 
number. In this connection I wish to point out that the grand- 
father had white eyes. The possible signihcance of this may be 
discussed later. It is obvious^ however, on any theory of chmice 
elimimtion of unit characters in the egg that the total number 
of males of all eye colors having short wings must be equal to 
the number of short winged white eyed males. 

The analysis of the results following the same methods as here- 
tofore is as follows : 


Long-wingedj orange-eyed 9 LCrpOX — LCrpOX 
^Short-winged, white-eyed cf IcRPOXIcRpO 


Long-winged, red-eyed 9 LGrpOXlcRPOX 
Long- winged, vermilion-eyed LCrpOXlcRpO 


Gametes of Fi 


f LCrpOX 
„ iLCRpOX 
I iLCrPOX 
S LCRPOX 
w tlCrpOX 
M hcRpOX 
^ ICrPOX 
[iCRPOX . 


LrrpOX 
„ LcRpOX 
^ LerPOX 
a LcRPOX 
M jlcrpOX 
^ jlcRpOX 
« RrPOX 
(IcRPOX 


s i 3 f LCrpOX § i LCRpOX 
S,g,?\lcBpO a a “’’i '‘■'■Pt* 

The random fertilization of these sixteen kinds of eggs by the 
two kinds of female-producing spermatozoa LCrpOX and^ LCR; 
pOX and their fertilization by the two kinds of male producing 
spermatozoa IcEpO and IcrpO is represented in the following 
table: 
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Egg Sperm X 



Sperm X 



LCrpOXLCrpOX 

= long orange 

9 


LCRpOX = 

long vermilion 

9 

LCRpOXLCrpOX 

= long vermilion 

9 

and 

LCRpOX = 

long vermilion 

9 

LCrPOXLCrpOX 

= long pink 

9 

LCRpOX - 

long red 

9 

LCRPOXLCrpOX 

= long red 

9 


LCRpOX = 

long red 

9 

ICrpOXLCrpOX 

= long orange 

9 


LCRpOX = 

long vermilion 

9 

ICRpOXLCrpOX 

= long vermilion 

9 

and 

LCRpOX = 

long vermilion 

9 

ICrPOXECrpOX 

= long pink 

9 

LCRpOX = 

long red 

9 

ICRPOXLCrpOX 

= long red 

9 


LCRpOX = 

long red 

9 

LcrpOXLCrpOX 

= long orange 

9 


LCRpOX = 

long vermilion 

9 

LcrpOXLCrpOX 

= long vermilion 

9 

and 

LCRpOX = 

long vermilion 

9 

LcrpOXLCrpOX 

= long pink 

9 

LCRpOX = 

long red 

9 

LcRPOXLCrpOX 

- long red 

9 


LCRpOX = 

long red 

9 

IcrpOXLCrpOX 

= long orange 

9 


LCRpOX = 

long vermilion 

9 

IcRpOXLCrpOX 

= long vermilion 

9 

and 

LCRpOX = 

long vermilion 

9 

IcrPOXLCrpOX 

= long pink 

9 

LCRpOX = 

long red 

9 

IcRPOXLCipOX 

= long red 

9 


LCRpOX = 

long red 

9 


Egg Sperm no 

X 



Sperm 

no X 


LCrpOXlCrpO 

= long orange 

d’ 


IcRpO 

= long vermilion 

..d 

LCRpOXlCrpO 

= long vermilion 


and 

IcRpO 

= long vermilion 

d 

LCrPOXlCrPO 

= long pink 

S' 

IcRpO 

= long red 

d 

LCRPOXICrpO 

= long red 

& 


IcRpO 

= long red 

d 

.ICrpOXICrpO 

- short orange 

d' 


IcRpO 

= short vermilioli 

d 

ICRpOXlCrpO 

= short vermilion 

d 

and 

IcRpO 

= short vermilion 

d 

ICrPOXlCrpO 

= short pink 

d 

IcRpO 

== short red 

d 

ICRPOXICrpO 

= short red 

d 


IcRpO 

= short red 

d 

LcrpOXlCrpO 

= long orange 

d 


IcRpO 

= long white 

d 

LcRpOXlCrpO 

= long vermilion 

d’ 

and 

IcRpO 

= long white 

d* 

LcrPOXJCrpO 

= long pink 

d 

IcRpO 

= long white 

6' 

LcRPOXlCrpO 

= long red 

d 


IcRpO 

= long white 

d 

ICrpOXICrpO 

= short orange 

d 


IcRpO ' 

= short white 

d 

ICRpOXlCrpO 

= short vermilion 

d 

and 

IcRpO 

= short white 

O’ 

ICrPOXlCrpO 

= short pink 

d 

IcRpO 

= short white 

d 

ICRPOXICrpO 

= short red 

d 


IcRpO 

= short white 

d 
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Summaming this last table we get: 


Long winged red 9 . . .12 Long winged red c' 1 

Long winged vermilion 9 ■ ■ 12 and Long wiiiged vennilion } 

Long winged pink 9 ... 4 Long winged ))ink o’ 2 

Long winged orange 9 ... 4 Long winged orange l> 

Long winged white I 

Short winged red o' -1 

Short wingiai vermilion o' 4 

Short W’inged pink o' 2 

Siioj't winged orange o'* 2 

Slmrt winged white o’ I 


There should be, obviously, as many females as males. The 
results show 1012 females and 743 males. There is a distinct 
falling off of males. The two sexes give about 10 to 8 or 5 to 3. 

In each class with eye color the males should bo the same in 
number in the red and the vermilion; and in the pink and the 
orange. A great variability is however realized as shown below: 


Long winged & ■ 14 254 7 TP Po 

Short winged cT hO 1(^ In 1 202 


The enormous discrepancy between theory and fact shown by the 
table may well make one reject the theory as totally inadequate 
to explain the facts. Nor can one appeal to the relative viahility 
of the males to help him out of the dilenma; for, the long winged 
normal males run far behind the number for ike 'vermilion, orangd, 
and white; yet the long winged red eyed males are normal for the 
species, and do not run behind under the same conditions used in 
this experiment. A closer scrutiny of the table will, hotvever , iVn/i- 
cate a relation that may he very significant. The great excess of 
males is found in two classes, the long winged vermilion and the short 
winged white male, and these are respectively the father (the same 
as the grandmother’s comhinatio7i) a7id the grandfather of this 
generation! 
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PART IV 

THE INHERITANCE OF THREE SEX-LLMITED GHARACTElfS 

In the following four crosses three sex-limited characters are 
involved: white eyes, short wings; and yellow color. In the first 
two crosses all these characters are contained in one of the par- 
ents; in the other two crosses two of the characters are in one 
parent and one in the other. 

In earlier papers (Science, 1910 and 1911) I have described 
the main facts for inheritance of red versus white eyes, and long 
versus short (short proportionate) wings. In order to understand 
the relation of yellow to normal color, the following experiment 
may be cited. A long, red, normal (body color) female was 
crossed with a long, red, yellow male. The offspring, both male 
(654) and female (705), were long, red, normal. These inbred 
gave: 


Normal 9 
Normal cT 
Yellow d' . 


525 

340 

194 


The reciprocal cross, viz., long, red, yellow female by long, red, 
normal male, gave females (397) with long wings, red eyes, nor- 
mal color and males (282) . with long wings, red eyes, and yellow 
color. These inbred gave: 


Normal 9 346 

Normal d ■ * 2.59 

Yellow 9 — 226 

Yellow d ■ 230 


We are now in position to take up the experiments in which three 
sex-Umited characters, white eyes, short wings, and yellow color 
are involved; see Plate L 

When a yellow, short winged, white eyed male is bred to a 
normal wild fly with normal color, long wings, and red eyes, all 
the offspring are like the mother, i.e., normal color, long 
red eyes. 
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„ u XTT>T n 9 = Normal red long 9 

YWS cf > |nRL d' — Normal red I<mg o’ 

These inbred have produced four main classes of males, And 
. three small classes, repre^ntedbya few male fiios only ; the females 
are represented by but a single class, as shown below ; 

Normol Colo7' 


Long wings 

Short wings 

IxDiig wings 

Short wings 

9 


d 

9 1 

d 

9 a" ' - 

9 o" 

1879 


606 

f 

i 

167 

1 

3 

• 



Yellow 

Col07' 




BED BYES 


WHITE 

EYES 

Long wings 

Short wings 

I/ing wings j 

Short wlDg« 

9 


■ d 

9 


! 9 ' o" i 

9 ^ d 



7 

1 

1 

1 

J43 1 



In addition to the flies recorded in the table there were two females 
belonging to two classes, viz., one, normal, long, white female; 
and one, yellow, long, white female. I shall not hesitate to ignore 
• these two cases as exceptional, due either to accidental contam- 
ination through the food, or to sporting within the stock. Omit- 
ting these two females it will be seen that all of the females, fall 
into one class having normal color, long wings, and red eyes. In 
all there were 1879 of these females, as against 1022 ma es. 
The females are, therefore, almost twice as numerous as the males. 
The three sex-limited characters appear only m the grandsons; 
one class containing all three sex-limited characters, yel ow, 
short, white (96) ; one class containing two .sex-hmitcd Charac ers, 
yellow, white (143); and one class containing one 
Lracter, short wings (167). For the moment the other hree 
’classes of males may be left out of account. It will 
also that the grandfather’s combination is well represented by 96 
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individuals, while the father’s combination which is the grand- 
mother’s also is represented by the great majority of all the males 
(606) . The remaining large class contains two of the grandfather’s 
characters, viz,, yellow and short. Of the three small classes of 
males, one contains two of the grandfather’s characters, viz., 
white and short, and one contains one of his characters, viz., 
yellow color. 

In my first attempt to analyze this case I ignored the three small 
classes of males because I found empirically that the remaining 
classes and the females could be very simply accounted for, as 
the following formulae will show. 

Normal, red long 9 NRLX — NRLX 
Yellow, white short YWSX — 


Normal red long 9 NRLXYWSX 

Normal red long NRLX 


Gametes of Fi 


NRLX - NllSX - YWLX - YWSX 
NRLX - 


F 2 Generation 

NRLXNRL^X = Normal red long 9 - NRLX = Normal red, long d’ 

NRLXNRSX = Normal red long 9 — NRSX = Normal red short cf 

NRLXYWLX = Normal red long 9 — YWLX ~ Yellow white long 

NRLXYWSX - Normal red long 9 - YWSX = Yellow white short o’ 

This scheme meets with two serious difficulties. It calls for 
equal numbers of each kind of male while in reality one class 
is at, least three times as numerous as any one of the others. If 
we- tried to explain this anomaly (as in fact I think we must) 
on the basis of some sort of ^^association” taking place, we still 
have to .meet a more serious theoretical difficulty. It will be 
seen that only four classes of eggs are represented in the Fi gen- 
eration. There are two classes of eggs containing N and R, 
and two containing Y and W, but no class containing N and W, 
and none containing Y and R. No theoretical explanation can 
adnait this arbitrary treatment, for the theory on which we are 
working demands the full interchange of all of these characters- — 
unless some special reason can be given for failing in this regard. 
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Now it will be seen that the combinations of N and R , and Y and 
TY are the combinations that existed in the parents of this cross. 
To admit the foregoing scheme requires the recognition of this 
union as permanent in subsequent generations. Yet this is op- 
posed to the JMendelian treatment of the case^ unless association 
is admitted as valid. 

If now we take up the case of the three small classes of males 
we find no place for them in this scheme, f see no reason for 
ignoring them, small though the classes be. Tliis consideration 
leads me to the conclusion that instead of four classes of eggs 
in the Fs generation, the possibility of eight classes must be 
admitted, but owing to the initial association of N and R, and Y 
and W, their separation only occasionally occurs. When it does, 
the small classes of males appear, and the number of individuals 
in these classes is a measure of the infrequency with which the 
separation occurs. The scheme when fully worked out is as 
follows; 

Normal female NItLX - XRLX 
yellow white short cf YWSX - — ■ 


Normal 9 NRLXYWSX 
Normal cf XRLX - 


Gametes of Fi 

NRLX - NR8X ~ NWLX - NWbX ~ YWSX - YWLX - YHSX - VRLX 
NRLX - -- 


NRLXNRLX = Normal led long 9 
NRLXNRSX = Normal red long 9 
NRLXNWLX = Normal red long 9 
NRLXNWSX = Normal red long 9 
NRLXYWSX == Normal red long 9 
NRLXYWLX - Annual reel long 9 
NRLXYRSX = Normal red long 9 
NRLXYRliX = Normal red long 9 


NRLX = Normal rod long cf. 

NRSX - Normal red short d' 

NWLX = Xorniai wJiite long d 
NWSX = Normal wldte slA>rt d 
YWSX = Yellow white short d 

YWLX = Yellow white long 

Y'RSX “ Yellow red short d 

YRLX = Yellow rod long d 


It is seen that the two factors N and W (or Rc) tend to hold to- 
gether. Both are contained in the sex chromosome, i.e., N and 
c are there. Both are present in the grandmother, and through 
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her carried into her son—the father of the ^2 generation. Ihe 
grandmother transmits only one X to her grandson — the one in 
question. It is also seen that the two factors Y and R tend to 
hold together in the same way. On the other hand the factor 
for long and short wings seems freer to leave one X and pass to 
its partner without showing any very great tendency to associate 
with the color factors in X. 


The reciprocal cross, viz., a female with yellow color, white 
eyes, and short wings, bred to a normal male with normal color, 
red eyes, and long wings, gave females with normal color, red 
eyes, and long wings, and males with yellow color, white eyes, 
and short wings. 


YWS 9 by NRL = 


NRL 9 = normal red long 9 
YWS = yellow white short cT 


These inbred gave the classes in the next tables; 

Normal Color 


BED ETEB WHITE BTB8 



Long wlnga , 

Short wings 

Long wings 

Short wings 


9 


9 

(f 

9 

& 

9 

cT 


439 

319, 

208 

193 

1 


5 

11 


Yellow Color 


! 

RED EYES 

WHITE BYES 

1 

Long wings 

Short wings 

Long wings | Short wings 

i 

9 

! 

9 

178 • 

o’ . 1 9 , 

139 i 365 

d' 

335 


Here again the two pairs of grandparental characters, viz., nor- 
mal color with red eyes; and yellow with white eyes, are repre- 
sented by the eight large classes in the F2 generation; while short 
and long wings are nearly equally distributed. But even here 
there are more grandchildren with normal color, red eyes, and 
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long wings, than with short wings. These two colons went to- 
gether with long wings in the grandfather, fonvorsely, the 
grandmother combined short wings with yellow color and white 
eyes, and there is an excess of short winged grandchildren ( o' 
and 9) over long winged ( o’ and 9). The shorter analysis is as 
follows: 

Yellow, white, short 9 YWSX - 
. Normal, red, long o' NHLX ~ 


Normal 9 YWSXNRLX 
Yellow, .white, short cf YWSX 


YWSX - YWLX - NRLX - NllSX 
Gametes of Fi YWSX 


YWSXYWSX = Yellow white short 9 — YWSX 

Y’WSXYWLX - Yellow white long 9 — YWLX 

YWSXNRLX = Normal red long 9 ' 

YWSXNRSX = Normal red short 9 — NRSX 


Yellow white short O’ 
Yellow white long o' 
Normal rod long o’ 
Normal red short o’ 


If the more extended analysis for the gametes of the female 
were used there would be four more classes of eggs, namely, 
YRSX, YRLX, NWLX, NWSX, which would give four new 
classes’ of females, namely, yMlow, red, short; yellow, red, long; 
normal, white, long; and normal, white, short; of winch the 
second, third, and fourth are represented in the table by seven 
one and four females respectively. The extended analysis would 
also give four other classes of males, whose formulae correspond 
to those of the four new types of eggs given above m the text, ot 
which two are realized and two are not. 


In the third cross, a female with normal color, white eyes, and 
short wings was bred to a male with yellow co or, re ' 
long wings. The female offspring had normal color, red ^y ^ 
and long wings, and the male offspring had normal color, wh 
eyes, and short wings. 


NWS 9 byYRL o' 


(NRL 9 " Normal red long 9 
' \NWS cT - Normal whitn short cf 
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The F/s inbred gave the classes shown in the next table: 

Normal Color 


RED BYES WHITE ETE& 


Long wings 

Short wings 

' Long wings 

Short wings 

9 

d 

9 d 

1^-91 d 

9 

d 

439 

7 

1 235 i 

i 218 237 

. 359 

387 


Yellow Color 


RED BYES j WHITE ETES 


Long wings 

■ Short wings 

Long wings 

^ Short wings 

9 


9 

d 

; 9 1 cf 

' 9 1 d 


345 


, 210 

1 

4 


In the second generation there are four kinds of females and six 
kinds of males. If we recognize the union of N and W and Y 
and R in the gametes of Fi (the union that was present in the 
grandparents) the expectation on the shorter analysis is as follows: 


xwsx - NWSX 
YRL 


Normal, red long 9 NWSXYRLX 
Normal, white short d' NWSX - — 


Gametes of Fi 


NWLX - NWSX - YRLX - YRSX 
NWSX 


NWSXNWLX = Normal, white long 9 — NWLX = Normat white long d 

NW’SXNWSX = Normal, white short 9 — NWSX = Normal white short d 

NWSXYRLX = Normal red long 9 ™ YRLX = Yellow, red, long o’ 

NWSXYRSX = Normal, red short 9 — YRSX = Yellow, red short d 

If we admit the more extended segregation, the same dispropor- 
tions appear, but the two smaller classes of males are now repre- 
sented and two classes of males do not appear at all (as in the 
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realization). In regard to the couplings in these cases it is of 
.great importance to notice that once more the long and short 
factors segregate without regard to the color factors, yet even 
here a remarkable fact conies to light. The two classes of males 
that exceed the others are those in which the long, red, yellow 
combination and the short, white, normal combination exist. 
These are the two combinations that were in the grandparents. 
If we assume that they more often remain in the same ehromo- 
some the numerical results become apparent. 


In the fourth cross, a male with normal color, white eyes, and 
short wings was bred to a female with yellow color, red eyes, and 
long wings. The female offspring had normal color, red eyes, 
and long wings, and the males had yellow color, red eyes, and 


long wings. 

NWS d'byYIlL 9 


/ NRL 9 - Normal rod long 
\ YRL d' = Yellow rod long 


The second or F2 generation is represented in the next table: 


Normal Color 


HKD EYES white eyes 


LoDg wlfiRS Short Wlng3 ' Long wings Short wings 


9 

608 

cf : 

2 

1 1. 

9 

* 9 0 " i 9 i cJ’ 

1 I i;i7 i 1 237 

1 . ! . ' 1 

Yelloro Color * 


HKD ETBS 

WHITE KYES 

Long wlngB 1 

Short wings Long wings Shortwlngs 

1 

00 

QO 0 

CD 

1 

d 

248 

9 



: o' 9 rf' 9 9' 

101 1 -1 


Only four lai^e classes of males are represented and it is signifi- 
cant that these are the yellow-red and the normal-whit^ the 
two combinations that correspond to the two grandparental com- 
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binations. These two classes occur both in the long and short 
wings, but here again occurs the significant fact that the yellow, . 
red, long are twice as frequent as the yellow, red, short. The 
former is the grandmaternal combination. Again the normal, 
white, short are nearly twice as numerous as the normal, white, 
long and it is the former combination that is characteristic of 
the grandfather. The shorter analysis follows: 

YRLX-YKLX 

NWSX 


Normal red long 9 YRLXNVVSX 
Yellow red long ^ YRLX - 


Gametes of Fi 


YllLX - YRSX - NWLX - NWSX 
YRLX 


YRLX YRLX = Yellow, red, long 9 — YRLX = Yellow, red, long cf 

YRLXYRSX ^ Yellow, red, long 9 — YRSX = Yellow, red, short c? 

YRLXNWLX = Normal red, long 9 — NWLX = Normal, red, long c? 

YRLX NWSX = Normal red, long 9 — NWSX = Normal, red, short cf 

The same objections may be urged against this scheme that have 
been given for the first short scheme. It is unnecessary to write 
out the longer scheme again in this case as the same principle 
employed in the first instance is applicable here. Of the four 
additional classes of males called for by the longer analysis, 
three appear in the results represented by any 2/1, and 1 males- 
respectively. 
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PART V 
CONCLUSIONS 

A THEORY TO ACCOUNT FOR “ASSOCIATIVE'’ IXlIERlTANi’E 

In the preceding pages I have tried to show how the niechanisin 
that exists in the chromosomes can be applied to the mechanism of 
heredity, provided we deal with particles or chemical substances 
in the chromosomes* rather than with the chroinosonies as units. 
The evidence makes out, I believe, a very strong case in favt)r of 
the idea that sex-limited inheritance is connected with the same 
physical body that determines sex, and I have not hesitated to 
identify that body with the sex chromosome. The, second i)oint 
of significance in the results is that while in the female there may 
be an interchange between homologous chromosomes, no inter- 
change takes place in the male of those factors connected with 
sex-limited inheritance. We can explain this result if these char- 
acters are contained in the single X chromosome in the male 
which alone has no mate. The third point of interest in these 
results is the necessity of assuming some combination or rather 
localization amongst some of the substances r^^sident in the same 
chromosome. The peculiar ratios found in the second genera- 
tion find their explanation only by means of such an assumption. 
Couplings and linkages have been described before to account 
for observed ratios, notably by Bateson and his collaborators, but 
I think we see here clearly for the first time that these unions are 
not due to inherent relations, or fusions, or attractions, or corre- 
lations, or repulsions, but to juxtaposition of particles in the chro- 
mosomes. It has been shown in a considerable number of cases 
that at one stage in the process of union of homologous chromo- 
somes the members of each pair twist around each iDther like 
the components of a rope. Subsequently these twisted chro- 
mosomes fuse together and shorten. Later a longitudinal split 
appears in the shortened, double chromosome. Ihis split now 
lies in one plane, i.e., it does not follow the turns of the united 
chromosomes. In consequence of the position of the new plane 

THE OP EXPEBIMENTAL ZOOLOGY, VO[ ■ 11, NO- ^ 
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of splitting or division each half, or new chromosome, ‘must be 
made up of parts of one and parts of th*e other of the two original 
chromosomes that united in pairs as Janssens has shown. As a 
result of the subsequent “reduction^’ division the cells that are 
produced will contain new combinations of the materials com- 
posing the original chromosomes. If the chromosomal materials 
that represent the factors of heredity are placed lineally along 
the chromosome and in corresponding linear series in each pair 
of homologous chromosomes, random separation of these mate- 
rials will be brought about by means of the cell mechanism, 
explained above, except in those cases where the materials lie 
near together. In the former case, the usual Mendelian random 
segregation will take place; in the latter case, groups of factors 
will tend to remain together or be associated in heredity. These 
latter cases correspond to those in which we find “association^’ 
to occur. It will be observed that while such associations will 
be more or less common according to the nearness of the associat- 
ing factors in the chromosome, the associations are not absolute 
for occasionally the twisting of the chromosomes will be such 
that even regions lying lineally near together will come to lie 
on opposite sides of the united chromosomes. These cases repre- 
sent the small classes observed in the tables. In the case of the 
X-chromosomes we should expect interchanges of the postulated 
kind to occur when two X’s are present, as in the female of Droso- 
phila; but no interchanges when only one X is present as in the 
male. The experimental results accord completely with this 
anticipation and afford strong evidence in favor of the view ex- 
pressed above. This assumption seems to be far simpler than 
the assumption of attractions, repulsions and complicated ratios 
that Bateson has suggested as an interpretation of similar phe- 
nomena. 

. It is obviously not essential to this hypothesis of factoral inter- 
change to limit it to the particular stage of the chiasma type here 
suggested, for if a similar phenomenon occurs at any other stage 
in division the same results will follow. 
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DISINTEGRATION OF A SPECIES AND ITS RECOXSITTUTION BY 
RECOMBINATION 

The series of mutations that have appcnrcd in Drosopliila 
can all be accounted for on the assumption of losses Troin the orig- 
inal germ-plasm. There is possibly one exception to this rule, 
namely, the melanitic or black mutant that may appear to add 
something to the original color. When crossed to the normal it 
gives an intermediate type in the first generation, and this fact 
also might be urged in favor of the change being in a positive 
direction. But since in the second generation the black fly 
appears as the recessive type it is not improbable that even this 
mutant may be due to loss. The most convincing proof tliat 
the eye and wing mutations are due to loss is found in the recon- 
stitution of the original or wild type when certain recombinations 
are made. So many examples of this have been given in the pre- 
ceding pages that I need not go over the evidence again. Two 
points, however, may be recalled as instructive. In scv(nal com- 
binations the female alone is reconstituted. In the older term- 
inology the female is the atavist, tlio male is the neornorph; 
and it is always the female and never the male that shows this 
relation if either one is atavistic. The reason for this is also 
clear from the evidence— the male-producing sperm has all 
the recessive factors in question, while the female-producing 
sperm has one or more dominant factors. No bettor example 
than this one of unisexual atavism, or reeonstilutioh, could be 
cited to show the advantage that the modern explanation^ of 
heredity has over the older view, wh'cre a fact of this kind would 
have seemed totally inexplicable. 

The second point of interest in this evidence is found in the 
different behavior in heredity of the original and of the reconsti- 
tuted (atavistic) type, for while the wild type continues to breed 
true the reconstituted type splits later into its components. Ihe 
reconstituted type may be said to be physiologically complete, 
but morphologically dismembered. For example, when a ver- 
mQion male is bred to a pink female, all of tiie offspring are red. 
The four substances, R R 0 C, necessary to produce red have 
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been brought together, so that all thfe elements of the wild fly 
are present that collectively give red eye-color; but now instead 
of the chromosomes that carry these substances being represented 
in duplicate, «ome of the chromosomes lack one or the other 
substance. It is due to this that the splitting takes place in the 
formation of the germ-cell of these reconstituted types. Never- 
theless it is possible even to reconstruct the original wild forms 
by suitable combinations, such, for example, as will give in duplex 
the four factors essential to the development of red eyes, and the 
structurally reconstituted types will breed as true to type as the 
wild flies, in contrast to the atavists that are only physiologically 
reconstituted. 

THK PRESENCE AND ABSENCE THEORY IN RELATION TO THE 
THEORY OF ASSOCIATION 

The appearance of so many mutants, due to losses, raises the 
question as to whether all new types that follow MendePs law may 
come under the same category. There are types, it is true, among 
domesticated forms that appear to have added something to the 
original type from which the mutants arose, but some of these 
are due to hybridization, and some may be due to losses of inhib- 
iting factors, whose absence- permits the further elaboration of 
characters already present. As yet the evidence is insufficient, 
I think, to .allow any certain generalization in this regard, yet 
the evidence suffices at least 'to show that many or even most 
cases that follow Mendel’s law fall under this head. In so far 
a« the mutants are due to losses they are explicable on the pres- 
ence and absence theory, which may seem to give some grounds 
for the ftniversal application of this principle. There is, however, 
one possibility that we can not afford at present to ignore, namely, 
the evidence of ^^association” which is clearly furnished by some 
of the crosses described in the preceding pages. I should hke 
to dwell a little further on this point. If I am right in explaining 
the results of those cases where two or three sex-limited charac- 
ters are involved on the grounds of the juxtaposition of substances 
(factors) in the chromosomes, it is only a step further to cases, 
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like those of the gray mouse when the color factors for gray, 
namely, black, yellow, chocolate, and ticking, remain permanently 
associated when crossed with a mutant which contains only one 
of these same factors. Thus when a yellow bearing germ cell 
meets one bearing gray, all of the offspring are yellow. These 
yellows inbred produce only grays and yellows ami not blacks and 
chocolates also, as should happen, did each of the elements in 
the original gray have for its mate the absence of its particular 
factor.^ In Drosophila the eye color is made up of three or four 
color factors. When a wild female is crossed to one of the inut ant s 
an orange eyed male for example, all of the offspring are red. 
In the F2 generation not only red and orange, but and bright 
red also appear, although even here there is a stronger tendency 
for the original red to reappear more often than its products. It 
seems to me probable at least that the difference between the 
mice and the ffy in this respect may be due to the closer associa- 
tion of the factors in the mice than in the fly. If so, the differ- 
ence is one of degree only and not of kind. 

THE FERTILITY OP nEFKRKXT MUl'.ATIONS 

A striking fact in regard to most if not all of these mutations in 
Drosophila is their infertility compared with the original stock 
kept under identical conditions. As I have this matter under 
investigation I wish here to touch on it very briefly, and only in 
so far as it bears on the numerical proportions of the different 
types. The pure stock of several of the new types is less produc- 
tive than the original stock, and the failure in several cases < 
the deficient types to ‘appear in the expected ratios suggests that 
this failure is due in part to the failure in fertility or In’ vitality 
of the new types. Whether this is due to failure in the develop- 
ment of the egg, or of the sperm, or to failure to fertilize, or to lack 
of development of the embryo, are points requiring special study, 
but the facts are sufiflciently numerous to raise the question as 
to whether a ty])e that lacks some material present in the original 

* See Morgan, T. H. The influence of Ihe environment and of heredity on t he 
inheritance of coat color in mice. Xe-w York Academy of Science, 11)11- 



408 


T. H. MORGAN 


stock may not -in many cases lose also its full power of productiv- 
ity. It may seem improbable that the presence of some substance 
necessary for the development of a particular color in the eye 
could have any influence on the rest of the germ, but the same sub- 
stance that is essential for eye color may be essential for the pro- 
duction of other things in the body that are not so apparent. In 
fact, I have already obtained evidence in the case of the eye 
color-producer, C, that the absence of C not only affects the eye- 
color, but other parts in the body as well. It is not impossible, 
therefore, that in certain cases the absence of a factor may have 
an important influence in one or another way on the productivity 
of the animal. I do not wish to discuss further this question until 
I can bring forward certain evidence that bears directly on it, 
but I have raised the question here, first in order to point out its 
possible bearing on the disturbance of Mendelian ratios, and 
second, in order to make clear that while I regard the evi- 
dence in favor of the mosaic inheritance of certain characters as 
established, I am not unappreciative of the fact that a simple 
factor may have a wider influence in development than appears 
when only a single character is under consideration. 

ORIGIN OF MUTATIONS THROUGH CHROMATIN LOSSES 

The mutations that have occurred in Drosophila may throw 
some light on the origin of mutations in general. If my analysis 
is correct it follows that mutations arise not through losses of 
whSle chromosomes as some cytologists have hinted (for the 
■ hidividual chromosomes must be supposed to carry not one but a 
host of factors) nor through the doubling of one or of all of the chro- 
mosomes (which would only add to what is already present in 
duplex) biffc mutations arise through the regrouping of partic- 
ular substances carried by the chromosomes. These substances 
may be so small in amount that their absence may entirely escape 
a cytological examination. It would seem that ample opportunity 
must be present for losses of this kind, since any irregularity in 
the division of the chromatin in the gerni tract would lead to 
the appearance in time of a mutant if such were viable and if the 
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right combinations were brought about. If, for instance, in the 
division of the spermatogonial cells the material paHich's at any 
level should fail to divide when the rest of the chromosome divides, 
one of the resulting cells will be deficient in the sfibstauce in ques- 
tion, and its o&spring will be correspondingly detieient. Or -if 
after synapsis similar particles in homologous chromosomes slionld 
pass into one chromosome, instead of segregating, one of tln^ n^sult- 
ing cells will be deficient. The wonder is that such losses an' .^o 
infrequent. 

THE BEARING OF THE RESULTS OX THE CONSTITUTION 01-’ 'j'lIE 
SEX CHROMOSO:\IES 

The experiments on Drosophila have shown that a most compli- 
cated series of facts relating to sex-limited inheritance can b(' 
accounted for, as I pointed out in my paper of 191 0, on the assumj)- 
tion that one of the factors for such characters is combined with 
the sex factors, X, or more specifically (Morgan,-^ Wilson 191 1) 
if it is contained in the accessory or sex chromosome. The al)- 
sence of this chromosome in half of the spermatozoa, and the 
impossibility of an interchange between this simple X-cliromo- 
some in the male (since X has no pair in synapsis) is the signi- 
ficant feature of the explanation. What is most important, is 
the discovery that the X-chromosome contains not only one of the 
essential factors in sex determination , hut also all other chai'uclers 
that are sex-limited in inheritance. 

The discovery of this relation leads us a step farther, I think, 
in the analysis of the' problem of sex determination, fot it 
shows that the determination of sex is only one of several (p(N. 
haps of a large number of) properties contained in the sex chro- 
mosomes. Only by the loss of a factor from one of the other X's 
(in the female) is it possible to discover jusi how runny factors 
are contained in X. Already four or five such losses have appeared 
in my mutations. This leads at once to the inference that it is not 
the X-chromosomeSy as suchy that is a factor in sex determination, 
but only a very small part of its niaterial 

^ In a paper read before the American Society of Naturalists, December 29, 
1910. Published in American Naturalist, 1911. 
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I suggested in 1905 that the female sex is determined by the 
presence of more chromatin in the fertilized egg. Wilson sug- 
gestedin 1906 that it is a particular chromosome that gives the 
quantitative results (or at least a more or less ^active^ chromo- 
some) . The results of the experiments dealing with sex-limited 
inheritance in Drosophila demand that we go one step further, for 
they show that it is only a small part of this chromosome that 
is involved in sex determination. 

If this is admitted we can understand how sex may be regulated 
in the same way, even when X and its mate Y appear to our rela- 
tively gross methods of measurement to be equal. The differ- 
ence in size between X a’hd Y that gives a completely graded 
series in different species has little to do, therefore, with condi- 
tions relating to sex determination, except in so far as the initial 
loss of the sex substance contained in Y led to a decrease in size. 
I am inclined to think that the difference in size relation between 
X and Y represents largely the loss from Y of those materials 
that play a role in sex-limited inheritance. // X is the sex chro- 
mosome^ then Y is the sex-limited chromosome in a double sense. 
Its final disappearance in certain forms represents the total loss 
of all characters that can become sex-limited in inheritance. 

If it is legitimate to draw any inference from the analogy be- 
tween sex determining factors, and factors that determine other 
characters of the organism, it follows with a fair degree of plaus- 
ibility that Y lost a sex factor (contained in the three X^s of the 
species, 2 in the female, 1 in the male) in the same way that it 
has lost other factors also. If these factors are, as I have sug- 
Rested, on a par, it follows that the material in question is the 
female determining factor, ¥. Where then is the male determin- 
ing factor? I have given my reason recently for dissenting from 
the position taken by several writers that the male condition is 
simply less X chromatin. It seems to me that if we treat the 
problem of sex determination by the same methods used for Men- 
delian characters in general, we can not justify such a position 
but are led inevitably to the conclusion that if the X-chromosome 
contains (not is) the factor for producing a female, the factors 
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for producing tliG inalG must be located in some other chromosome.® 
This interpretation I have developed briefly in a recent article^ 
in which the female factor supposed to be contained in the X- 
chromosome is represented by F and the male factor, sui)pnsed 
to be contained in some other chromosome (.not in Y however 
which is ranked with the three X’s except in so far as certain fac- 
tors have been lost), is represented by M. The following sclieme 
shows how the relation of the sexes on this basis and how sex is 
determined: 

Gametes of female FM-KM XM XM 

Gametes of male FM-M XM M 


female FMFM XMXAf 

male FMM X.MM 


*Not in X because in males having only one X (no Y) tlie scheme will no! work 
out. 

^The application of the conception of pure lines to sex limited inheritance and 
to sexual dimorphism. The American Naturalist, Feb., 1911. 



PLATK 1 

EXPLANATION OF FIGURES 


1 Normal red-eyed fly, 

2 Yellow fly with white eyes and “short proportionate” (or mi^tupe) wings. 

3 Short winged fly (as in fig. 2) with normal color and white 

4 Brown fly with red eyes and long wings. This fly is yeJTdWi^, hn* differs 
from fig. 2 in the absence of a black factor (absent also in fig^2) a4 "S^eU as a 
second factor probably a yellow factor. Its formula is B r d^y., ■'.Jj^liie^repro- 
duction the bands and tip of the abdomen are too black. They ^O^dihe more 
Uke fig. 2 and the yellow should be more saffron. This fi y wa» not , in these 
experiments. 
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|p of this investigation is presented in some 
thej forms of Lampyridae Here studied 
l&fore and partly because variety of mate- 
I have attempted to bring together the 
workers on the subject with my own in 
order the points in the anatomy^ physiology and use 

of these^^^^Mof l^t i»oduGtio%may become more intelligible. 

The litj^p^e pmthe subject of animal and plant photogeny 
that has a^n^ted is vast. Yet the advance in our knowledge 
of the pwJBpfestructure and use of the photogenic tissues lies 
mostly witnMne last forty years. Often the observations by 
different auffibg^vary and are contradictory upon points that 
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would seem simple, and as a result a great number of notes and 
references are found in running over the literature that are little 
more than confusing and have added nothing to our knowledge 
of the subject. A list of the most important papers bearing 
directly upon the subject matter and others to which reference 
will be made has been appended at the end of this article. 

I am indebted to Professor E. A. iVndrews for his kindly inter- 
est in the work and for reading the manuscript, to Professor H. F. 
Nachtrieb of the University of Minnesota, and to Professor 
C. M. Child of the University of Chicago for generously placing 
laboratory facilities at my disposal during the summer seasons 
of 1909 and 1911. 

I shall use the term photogeny which has come into more gen- 
eral use of late, to designate the processes concerned in the pro- 
duction of light by living organisms, without rejecting nor accept- 
ing the term phosphorescence as a proper one; first, because the 
latter has come to stand for apparently different phenomena 
occurring under varying conditions, and second, in view of the 
fact that our former conception of the processes of oxidation has 
undergone change in recent times and is continuing to do so. 
Le Bon has employed the general term phosphorescence in making 
a perhaps serviceable division of the phenomena: (1) Phosphor- 
escence generated by light; (2) Phosphorescence independent of 
light and determined by different physical excitants, such as 
heat, friction, electricity and the X-rays; (3) Phosphorescence 
by chemical reaction; (4) Invisible phosphorescence. Accord- 
ing to this division our problem can with certainty be placed 
Under the third head, for there is abundant proof that the pro- 
duction of light in animal and plant tissues is a result of some 
kind ol‘ change in the chemical constitution of the substances 
concerned' in the process. 

MATERIAL 

The material was obtained during the summers of 1908-11. 
The early part of the work was done upon material collected in 
the vicinity of St. Paul, Minnesota. Other material was col- 
lected at various points in Jamaica throughout the season, 1910, 
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during the summer session of the Johns Hopkins University 
Marine Zoological Laboratory located at Montego Bay, while 
material used in 1911 was obtained in the vicinity of Uhicago. 
The time for the occurrence of the different species of Lampy- 
ridae that were studied is about the same wherever they were 
observed, lasting from about the last part of June to about the 
first part of August in Minnesota. The period of their occur- 
rence in Jamaica is considerably longer though varying with the 
altitude and various climatic conditions. The following identi- 
fied species of luminous Lanipyridae have been studied especially 
as regards the anatomy of the photogenic organs. 

Minnesota spi’ciV« 

Pyropyga indicta Lee. 

Lecontia (Pyractomena) luciiera Mclsh. 

Photuris pennsylvanicus DcUeer. 

Photinus ardens Lee.- -two varieties. 

Jamaica species 

Photinus maritimus. 

Photinus cominis-^us L, Oliv. 

Photinus pallens Fabr. 

Photinus pantoni E, Oliy. 

Photinus ebriosus E, Oliv. 

Photinus suavis E, Oliv. 

Photuris jarnaicencis E, Oily. 

Several other forms of Photinus sp. (?). 

Studies on the physiology have been mostly upon Photuris pennsylvanicus, 
Photinus ardens, P. maritimus, P. ebriosiis. P. pallens. 

METHODS 

The varying methods of preparation used by different authors, 
no doubt in part account for some of the minor differences in 
their descriptions of the structure of the organs. Most of the 
papers deal with the European species Luciola italica, Lampy- 
ris splendidula and L. noctiluca. I have not had the opportunity 
to get material of these species. However, the descriptions, show 
that no essential histological differences exist between the Euro- 
pean, American and Jamaican forms so far studied, though there 
may be lesser differences, consisting mainly in the si^e and posi- 
tion of the organs on the abdominal segments and the grosser 
relations of the tracheal system to the layers of the photogenic 
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organ. In killing and fixing, the abdomen was cut off before 
immersing in the fixing fluid. All of^he more common killing and 
fixing agents were tried. Among these formalin 4 to 10 per cent, 
alcohol 80 per cent, Flemming^s fluid, osmic acid 0.5 per cent 
aqueous solution, and water at the boiling point, were the most 
useful, depending upon what part or structure the preparation was 
intended to bring out. Other methods employed will be described 
later on. All sections were stained on the sfide or cover glass. A 
large number of stains w^ere tried and as a result the following were 
found most useful: Thionin aqueous solution, Borax carmine 
and Lyons blue, and Ranviers picro carmine as general stains. 
The best of all was found to be a solution made up as follows: 
anilin blue 0.5 gram, orange G. 2.0 grams, oxalic acid 2.5 grams, 
water 100 cc. Instead of anilin blue Lyon’s blue may be used, 
though the preparations obtained with the latter were much 
inferior. Photogenic tissue fixed in boiling water for one minute 
afforded beautiful preparations. The photogenic cells of Odon- 
tosyllis pachydonta could be differentiated from among the other 
epidermal cells. Granules of the photogenic cells; fat globules 
in the fat cells, arid chitin stain orange-yellow (and yellow) 
respectively; cytoplasm light blue, cell membranes where present 
dark blue, ^granules of the dorsal layer (urate granules of some 
authors) stain blue. To show relations of the tracheal capil- 
laries and tracheal end cells a 0.5 per cent aqueous solution of 
osmic acid was used, sections cut 1 to 15 microns thick and 
mounted to advantage without staining. By means of dissec- 
tion of the active organs and examination under the binocular 
Or compound micipscope in a dark room facts fundamental to 
an understanding o(f the photogenic process could be made out. 

STllUCTURK 

The following description of the structure of the photogenic 
organs applies to all the species of Lampyridae examined except 
when otherwise stated. The location of the organs ,is limited 
to the sternal plate of the fifth and sixth or part of either the fifth 
or sixth abdominal segment. In all the forms studied the chitin 
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of the sternae opposite the photogenic organs is transparent and 
covered with hairs as are other parts of the abdominal ring. Lin- 
ing the inside of the chitinous integument is the thin hypodcrmis, 
represented by a single layer of flattened cells with flattened 
nuclei (figs. 7 and 8 H). No evidence of proliferation of the hypo- 
dermal cells and their subsequent differentiation into cells of 
the photogenic layer has been obtained from any of the prep- 
arations of the adult forms studied. DuBois has studied the 
development of the photogenic organs in Lainpyris iioctiluea 
and Pyrophorus noctilucus and states that the tissues arc derived 
from proliferating cells of the hypodermis. If this observation 
be correct it would preclude the photogenic cells from liaving a 
common origin with the cells of the fat-body as some authors 
have supposed. The fact that the granules of the cells of the 
photogenic layer stain in several respects like those of the globules 
in the cells of the fat body, affords by itself no evidence of an 
ontogenetic Telationship of the fat-body and the photogenic 
cells. In all the species the organ consists of the two usual layers, 
the dorsal or “urate cell layer’' of some authors and the lower or 
photogenic layer. The photogenic layer is completely enclosed 
by the dorsal layer, except where the former is applied to the 
hypodermis over the whole or part of the steniite depending upon 
the size of the organ. I have found no trace of any membrane 
covering the inner side of the organ as Wielowicjski (’82) states 
that he found in Lampyris splendidula. Towiishend (’04) finds 
no membrane present in the American form, Photinus margin 
ellus, and no such structure has been found in the other European 


species. . * 

In consideration of the theories advanced by Hememan ( 8b) 
and DuBois (’95) to account for the control of the oi^ans by 
means of the segmental muscles in producing increased air pres- 
sure or causing a flow of blood through the organ we should per- 
haps expect to find a greater development of the muscles related 
to them. This however is not the case. The muscular devel- 
opment in the segments bearing the photogenic organs is not more 
extended than in any of thp segments anteiior to em, 
muscular apparatus of each of the fifth and sixth segments con- 
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sists of three main sets of muscles, one dorsi-ventral, and two 
antero-posterior sets one dorsal and one ventral (fig. 1, o, 6, c). 
The dorsi-ventral set is composed of two bundles one on each side 
in each segment. These are inserted dorsally in the tergum and 
penetrating the tissue of the photogenic organ are inserted ol® 
the ventral side in the chitin of the sternite, appearing on the 
exterior as a visible spot or indentation which is not luminous. 
These muscle fascicles are not in contact with the photogenic layer 



Fig. 1 Camera lucida outline of abdomen to show relations' of muscles and 
photogenic organ. A, longitudinal section; JS, cross section; a, longitudinal tergal 
miiscles; b, longitudinal sternal muscles; c, vertical muscles or ‘vertical expira- 
tors;’ d, dorsal layer; e, photogenic layer;/, vertical tracheae. 


but separated from it by more or less of a continuation of the 
dorsal, layer. The antero-posterior muscles are shown in fig. 1. 
Their insertions are on the tergal and sternal membranes They 
serve to shorten the abdomen by telescoping the abdomiihl rings. 
Their position and arrangement has no definite relation to any 
single trachea or group of tracheal trunks. The tissue of the 
photogenic organ does not adhere tightly to the chitinous integ- 
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umentj e. g., P. pennsylvanica and P. pallons. It is of a pasty 
censistency yet firm enough so that it may readily be separated 
from the integument intact by proper manipulation with a small, 
soft brush. In this way it may be studied with readiness under 
adow or high power, treated with reagents, etc. A more direct 
effect of the reagent can be observed in this way, than by simply 
immersing the whole animal or abdomen. The two layers of 
the orga‘ns vary in thickness within certain limits in dificn'iit 
species, but no marked seasonal variation of either layer luis 
been found. However, relative changes in the contents of the 
cells of the dorsal and photogenic layers are plainly evident {{). 4''2). 
Wielowiejski (’89) came to the conclusion that cells of the layers 
in L. splendidula were distinct. Boiigardt (’03) found no ])ho1o- 
geiiic cells in the process of transformation into cells of dor- 
sal layer in the same form. Du Bois (’05) states that the cells 
of the photogenic layer in L. noctiluca are transforme<i directly 
into the crystalline deposit which he states makes up th(^ dorsal 
layer.' He figures no cellular structure in the dorsal layer. Bon- 
gardt (’03) also found cells in L. noctiluca which combined some 
of the characters of both the photogenic and the dorsal layer 
cells, and says that they may in so far be considered 'IJbergang- 
zellen.’ The figures of both these authors arc too inadequate 
to enable me to make out what all the facts are. In all the 
species the active adults of which I have examined, the dorsal 
and photogenic cells (figs. 7 and 8) are different as regards nuclei, 
cytoplasm and cytoplasmic granules, and no intermediate or 
transformation stages of the cells as such of one layer into Jhe 
other has been found. This was most clearly shown in sections 
of Photinus ardens, P. ebriosus, P. pallcns, Photuris jamaicencis 
and P. pennsylvanica fixed in osmic acid and stained iron- 
haematoxylin followed by van Gieson’s-picric-acid-fuchsin, also 
with phospho-molybdic acid haematoxylin (fig- 7), thiopin-cosin, 
and best of all by the anilin blue-orange G. stain. In these 
preparations the groups of photogenic cells show a definite pe- 
ripheral boundary (fig. 7, the cytoplasm of which is neaidy 
uniform. Inside of this boundary are the granular contents. 
In some species tracheal-end-cells of the ^tracheal system are 
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found between the two layers and may readily be mistaJten for 
cells which seem to be transforming from cells of one, into 
of the other layer, if they are not brought out by the use of osmic 
acid. Cells which seem to be in the process of transformation 
may also, appear in sections which have been improperly and 
weakly stained in, e. g,, picro-carmine. In some such prepara- 
tions it is almost impossible to distinguish any sharp line of separ- 
ation but other sections of the same specimen when stained with, 
e.g., the anilin-orange G. stain show a sharp line of demarcation 
between the layers. The dorsal layer consists of closely packed 
polygonal cells sharply outlined by cell walls and with a nucleus 
centrally located. The cytoplasm may contain different amounts 
of granule deposit, depending upon the physiological state of 
the photogenic organ. The cells however nearly always retain 
their original outline and size, showing that the visible difference 
in the state of the cells is only that of the amount of the product 
of metabolism. The filling up of the cells of the dorsal layer may 
proceed to such an extent that apparently all the cytoplasm 
becomes displaced, the original cell boundary and position of 
the nucleus barely remaining visible. How this comes about 
we shall see very shortly. In all the species the organs are pene- 
trated by tracheal trunks which arise from more or less irregular 
branching tracheal trunks in the body cavity or from tracheae 
which lie upon the dorsal side of the organ. These tracheae which 
pass into the organ penetrate the dorsal and photogenic layers 
in different ways. Thus in males and females of P. pennsyl- 
v^nica P. pallens, P. jamaicencis and males of P. suavis and P. 
commissus the vertical tracheation is most pronounced. Taking 
all the species as a whole we find a great variation in the direc- 
tion of « penetration of the tracheae through the organs. In the 
r forms which have a thick photogenic organ the tracheae as 
a rule are vertical while in species which have a thinner organ 
or the photogenic layer only one cell deep very few tracheae 
penetrate the photogenic layer. In the latter forms the tracheae 
branch and spread out upon the ventral side and between the 
dorsal and photogenic layers of the organ (figs. 3 and 8). The 
illustrations are from such organs as have their tracheae verti- 
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’'«fally placed e^ept fig. 8. Sections of organs witli vertical or 
horizontal tracheation show the general relation of parts most 
distinctly. 

■ The photogenic layer consists of three different kinds of cells 
(figs. 4, 7 and 8) (a) The cells of the tracheal epithelium, (b) The 
tracheal end cells/ and (c) Densely granular photogenic cells, 
which make up the greater part of the photogenic layer though 
this may vary in different species and different speeiniens of the 
same species. When a horizontal section (fig. 4) is made through 
an organ with vertical tracheation thereby obtaining cross sec- 
tions of the vertical tracheae, we find the lumens of the vertical 
tracheae .appearing as round openings (fig. 4, L). Immediately 
outside of the vertical tracheal tube, crescent shaped nuclei 
may be found applied close to it. (Fig. 4 N.) These designate 
the position of the cells of the tracheal epithelium and are the 
only cells to be considered as making up the tracheal epithel- 
ium. The cytoplasm of the tracheal epithelial cells is clear 
and small in amount. Outside of this structure are found 
somewhat irregularly placed nuclei of cells which are arranged 
in a concentric ring or mass around the vertical trachea and 
its epithelium. These are the tracheal end cells. They form 
a vertical hollow cylinder (figs. 3, 4, E and 7, E) around the 
vertical trachea and the length of this cylinder of cells shown 
in section in figs. 3 and 7 is equal to the length of the part 
of the vertical trachea which passes through the photogenic 
layer. If the trachea assumes an oblique direction the extent 
of the cylinder or tube of tracheal end cells is longer and 
follows the trachea throughout the whole distance which it 
passes in the photogenic layer. The distinction -between the 
cells of the tracheal epithelium and the tracheal end cells has 
not been made heretofore. The tracheal end cells Jiave often 
been considered as constituting the tracheal epithelium^ Town- 
shend (^04) states that they are distinct in P. rnarginellus. 

iThe term transition cell lias been used by Townsheml (’M) and Holmgren 
(’95); The term tracheal-end-cell however indicates their position, they being 
terminal to the part of the tracheae which have lacnidia (Kig, 2}, andsmcc no rmd« 
indicating the presence of a distinct tracheal e}>ithelium is present I have preferred 
to use, the older term. 
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Emery, and Wielowiejski consider the tracheal cells to be derived 
from the tracheal epithelium but do not state in what way they 
are to be considered as being derived. To me it seems most 
reasonable to consider the tracheal end cell to be a greatly en- 
larged terminal tracheal epithelial cell which has come to surrqund 
the tracheal furcation by virtue of its original position on the 
tracheal branch. The number of cells making up the tracheal 
epithelium is very small compared to the number of tracheal end 
cells of such a dorsi- ventral branch. In many instances it is 
difficult to be sure whether all the cells, the nuclei of which 
appear as in (fig. 4, E) are actually tracheal end cells,, i.e., whether 
every one of these cells enclose within their cytoplasm the origin 
of the tracheoles from a tracheal branch (figs. 2 and 8), or 
whether some of these nuclei represent cells which do not surround 
any such furcation but are simply placed in between the tracheal 
end cells. In some species it is more difficult to tell than in 
others, for the reason that the number of cells making up the 
cylinder around the trachea is very much greater, e.g., P. pennsyh 
vanica and P. ebriosus, than where the cylinder is made up of a 
single layer of cells. In order to make certain that all the cells 
of the cylinder are tracheal end cells the number of points at 
which reduction of osmic acid had taken place (fiO to 100 more or 
less) in preparations which showed all the furcations to contain 
reduced osmic acid were counted and compared with the number 
of nuclei present. The results (P. pennsylvanica) showed a very 
close agreement in number. In cylinders where a single row of 
cells in section are present, e.g., P. sp. near maritimus and Pho- 
tinus sp. (?) (fig. 7) it is very evident that every cell of the tra- 
cheal cylinder is a true tracheal end cell. The tracheae which 
pass to* the ventral side end here in two or more branches and 
each one these terminate ultimately in a tracheal end cell and 
tracheoles. The latter penetrate upward into the lower side 
of the photogenic cells. In many forms branches from the 
part of the vertical trachea opposite the line of separation of the 
two layers pass out between the two layers. These terminate 
on the dorsal side of the photogenic layer as in (fig. 3, X), their 
tracheoles passing ventrally, Consequently we may have a 
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single photogenic cell or group of cells which are iii section com- 
pletely surrounded by tracheal end cells. Branching of the large 
tracheae rarely occurs'in the dorsal layer, thefonnationof branches 
being almost entirely confined to the part passing through the 
photogenic layer. I have never found tracheal end cells with 
the exception of one or two doubtful cases in tlie dorsal layer nor 
have I found tracheoles penetrating the dorsal layer in any of 
the species. This points directly to the fact that the supply of 
air or oxygen to the dorsal layer has no peculiar significance for 
the functioning of its cells as is the case with the photogenic 
layer. 

The walls of the tracheae and branches are strengthened by 
taenidia as in other forms. Erect hairs situated on the inside 
of the larger tracheal trunks are often seen. I have not found 
them present in the tracheae of the photogenic layer. Sliortly 
before or at the point where a tracheal branch enters the tra- 
cheal end cell its diameter is diminished to about 2(i (fig. 2). 
In some species this diminution does not take place until the 
point of origin of the tracheoles is reached. The taenidia dis- 
appear at this point leaving a small tube which passes into the 
cytoplasm of the tracheal end cell. This smooth tube soon divides 
into two or more branches, the tracheoles, tracheal capillaries 
of some authors. The point of furcation is always located near 
the side of the tracheal end cell which is adjacent to the photo- 
genic cell, some times only a very thin layer of cytoplasm remain- 
ing between it and the photogenic cell. The nucleus of the tra- 
cheal end cell is ihorc proximal than the furcation (figs 2, 7 and 
8) . The diameter of the tr ache ole appears to be very nearly the • 
same in all the species, about 1.1 m- Since the tracheoles can 
only be made to appear by means of the reduction of osmic acid 
and since the amount of reduction varies (fig. 2) atid depends 
upon several conditions the tracheoles appear to have a greater 
diameter in some preparations than in others. The diameter 
varies as nearly as could be determined from 1.1 to 2fi. 
are tubular. This could be seen in very thin sections 1 m thick; 
when light passed through, the cross section of the tracheole 
appeared as a thick black ring, with a small opening. Iheir 
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diameter is not constant throughout but cfiminishes slightly fws 
they pass into the photogenic cell so that we have a slightly taper- 
ing tube. ■ ‘ . ■ 

The tracheoles are easily shown to consist of a firm substance 
different from the cytoplasm as others have found in‘ the Euro- 



Fig. 2 a, b, c, d, e, free hand drawings of tracheal end cell apparatus selected 
from different# preparations showing successive degrees of osmic' acid reduction 
upon the tracheoles, in the cytoplasm and distal end of trachea; n, nucleus; i, 
taenidia. 

pean forms and Townshend ^04 in the American form P. mar- 
ginellus. Tissue treated with a n/s. of NaOH show the tracheoles 
to remain intact while the cytoplasm of the cells is dissolved away. 
The structure which remains after treatment with the hydroxide 
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CBrimot so fftr as staining reactions are concerned be distinguished 
froro the substance of the trachea and may in so far be considered 
of Sk chitjnous nature. That the substance of the tracheole is 
different /rom that of the trachea by reason of tlie fact that osinic 
acid is reduced upon it is of no significance, for reduction is not 
always limited to the tracheole. 

Weilowiejski and Bongardt (^03) found the number of trachc- 
oles in L. splendidula arising from each tracheal end cell to vary, 
there being sometimes as many as six or seven. Emery foiuid 
uniformly two present in Luciola italica. Townshend found them 
to vary in number in Photinus marginellus though usually two 
were present. I have found two in the following forms, male 
Photuris pennsylvanicus, Photinus sp. near maritimus, P. ebrio- 
sus, P. ardens var (?). In females of Photuris pcnnsylvanicus I 
' found three present. In some cases four seemed to be present 
in females (?) of P. pennsylvanicus, but this could not be defi- 
nitely determined because of the character of the osmic acid reduc- 
tion in these preparations. In males of Photuris pennsylvanicus, 
Photinus sp. near maritimus, P. ebriosus, and P. ardens var (?) 
the number is constant. 

Emery considered the tracheoles to pass between the photogenic 
cells in Luciola italica. Wielowiejski was of the same opinion 
for Lampyris splendidula, though later (^89) he found that some- 
times the tracheoles did penetrate into the cells. Bongardt ('03) 
states that he has not found the tracheoles to enter the photogenic 
cells in any of the species which he studied. Townshend ('04) 
states that it is “probable that the tracheoles in their course out- 
side the cylinders" are intercellular, and Watase ('95) also states 
that they are intercellular. Before we attempt to answer the 
question as to whether the tracheoles pass into or between the 
photogenic cells in the species studied we may consider the struc- 
ture of the photogenic cell. 

These are shown in (figs. 3, 4, 7 and 8, P). In nearly all the 
specif a cell wall is absent and in some species cell boundaries 
are missing. Thus the photogenic cells may be considered to 
be masses of protoplasm in which nuclei are placed, and lying 
between the cylinders the latter formed by the tracheal end cells. 
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The only means of distinguishing the structural individuality 
of the photogenic cell where it does appear is the fact that densely 
granular deposits in the cytoplasm tend to group themselves 
about the region of a nucleus (fig. 4), thus leaving narrow radiat- 
ing areas or strands of cytoplasm which may in «ome species 
and apparently under some physiological conditions of the photo- 
genic ceils appear as cell boundaries or more rarely as cell walls, 
consequently they may be spoken of as cells. The nuclei are 
placed in the central parts of the cells and vary in size and shape. 
They are larger than the tracheal end cell nuclei. In Photinus 
commissus the nuclei are narrow and appear in rows as Townshend 
figures for P. marginellus (fig. 3). In P. sp. near maritimus, for 
example, they appear rounded and lie end to end forming a chain- 
like row (fig. 5). The cytoplasm of the photogenic cells are in 
all cases filled with granules. In Photinus sp. (?) (Jamaican) 
(fig. 7, Z) a peripheral zone of very finely granular cytoplasm 
appears. The characteristic granules of the interior are missing 
from this zone. I have found the same but narrower zone present 
in sections of Photinus ebriosus and also in some specimens of 
P. sp. near maritimus. Whether it appears as a result of partial 
exhaustion of the contents in the metabolism of the cell or whether 
it is a permanent condition I have as yet been unable to deter- 
mine. The anilin orange G. stain most clearly differentiates the 
parts of the photogenic cell. Coarse granules appear yellowish 
orange while the peripheral zone takes a dense blue stain. That 
these differences in the appearances and relations of the photo- 
genic cells in the different forms is not due to preparation is shown 
by the fact that they appear the same in sections with different 
methods of fixation and staining. 

To 1‘eturn to the capillaries; in spite of the fact that the above 
writers with the exception of Wielowiejski (’89) agree that the 
tracheoles are intercellular in the European forms and the Amer- 
ican form studied by Townshend, I have become convinced after 
examining a great many preparations that the tracheoles are in 
no case limited to the cell boundaries where such are present. 
The fact that they do penetrate into the cytoplasm is clearly 
-shown by the fact that cross sections of the tracheoles appear 
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close to the nuclei of the large photogenic colls iu the same focal 
plane. Furthermore in tissue where no cell boiuidaries are evi- 
dent we find th’em penetrating in all conceivable directions. 
Thus several osmic acid preparations of the photogenic organ of 
P, ebriosus show the cytoplasm of the photogenic cells pene- 
trated in all directions by an almost iiininnerablc number of 
tracheoles. Such preparations can not but convince one of the 
importance of this greatly developed tracheolar net work for tin* 
functioning of the photogenic layer. 

Observations differ also as to whether or not- the trachcolcs 
anastomose. Emery states that they do not anastomose in 
Luciola italica, Wielowiejski found the trach coles to anastomose 
in some cases. Bongardt (’03) found no anastomoses. Town- 
shend has figured the anastomoses in P. marginellus (figs. 5 and 
6). In horizontal sections of Photinus sp. (?) (Jamaican) I 
have found structures like that figured by Townshend in fig. 6. 
The radiating structures arising from the tracheal end cells are 
undoubtedly tracheolcs. 1 was however unable to convince 
myself that anastomoses did occur in this case. In the photo- 
genic organs of P. ebriosus the tracheolar network is especially 
dense and in sections showing strong reduction of osmic acid a 
great many anastomoses could be plainly seen. I have found no 
branching of the tracheolcs of the photogenic organ in any of 
the species examined. Anastomoses of tracheolcs have been 
found by Wistinghausen, and Holmgren in certain caterpillars. 
Wistinghausen and others have found the tracheolcs to be made 
up of a chitinous tube with a ‘peritracheal membrane’ whi/ih is 
continuous with the cytoplasm of the transition cells (corrcspotid- 
ing to the tracheal end cells of photogenic organ). It is readily 
seen that anastomoses of the tracheolcs renders the mechanism 
of respiration much more efficient due to the possibility of flow 
of the air through the tracheolcs caused by unequal pressure on 
different parts. Since it is found that the tracheolcs do anasto- 
mose in those instances where they have been made a spceial 
study we should perhaps expect to find them filled with air. liut 
such however appears not to be the case so far as irec o 3ser 
vation shows. I separated the organ of P. pennsylvamca from 
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the sternite by means of a very small brush and imme(^tely 
examined them under the microscope in the dark. The ventral 
ends of the vertical tracheae appeared as glistening, white, brapch- 
ing structures and were filled with air. No trace of tracheoles 
could be seen though they occur upon or very near the ventral 
surface of the photogenic layer, neither could they, be seen by 
means of ordinary light. Thus it would appear that they were 
filled with liquid. From the fact that the tracheoles are found 
to anastomose it becomes easier to explain this condition as being 
a temporary rather than a permanent one for the tracheoles could 
be more readily freed from the liquid by the unequal pressure 
caused by the respiratory muscles than they could if the tracheoles 
ended blindly. Bongardt (’03) found the tracheoles to be sur- 
rounded by a continuation of the cytoplasm of the tracheal end 
cell. Wistinghausen and Holmgren found a peritracheal 'mem- 
brane’ -around the tracheoles continuous with the 'transition 
cells’ of certain caterpillars. I have not found any distinct 
cytoplasmic membrane surrounding the tracheoles. However 
when osmic acid becomes reduced the greater the reduction the 
greater is the outside diameter of the tracheole. Furthermore in 
teased preparations the cytoplasm appears spread out between 
the tracheoles in a membrane like fashion and passes out upon 
them a short distance (fig. 2) and as others have figured. - The 
reduction of the acid occurs around the fork in the cytoplasm of 
the tracheal end cell and spreads outward until the whole of the 
tracheal end cell becomes blackened (fig. 2). Now since in such, 
preparations there is always a definite limit to the amount of reduc- 
tion around the tracheole it would appear that we have a limited 
region around the chitin tubule which reacts to osmic acid the 
same as the cytoplasm of the tracheal end cell, and hence is spe- 
cifically different from the adjacent cytoplasm of the photo- 
genic ceH. ' Thus we may conclude that whatever the function or 
property of the tracheal end cell may be the thin layer correspond- 
ing to the peritracheal membrane of Wistinghausen and others 
possesses the same properties as the cytoplasm of the tracheal end cell 
so far as the osmic acid reaction indicates. The acid is not reduced 
in the chitin of the tracheae, neither does the cytoplasm of the 
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t^a^eal epithelium of the photogenic organ show this specificity. 
So that whether we consider the substance of the tracheole to be 
different' from the chitin of the trachease and endowed with the 
spoeific property of reducing osmic acid or whether we consider 
the reduction due to the specific property of the cytoplasm of 
the tracheal end cell the fact remains, that the nucleus and clear 
cytopla^ of the tracheal end cell and also the outer parts of 
the tracheole have the same property, viz., the power to reduce 
^osmic acid and that this property is primarily peculiar to the tra- 
cheal end cell. 

\^en the cells of the organ are treated with osmic acid they 
of course are killed after a short time though the process of photo- 
genesis may go on for some time after immersing the organs. 
This is undoubtedly due to the characteristic slow penetration 
of osmic acid, for I found that the light from a solution of the 
luminous secretion of the ostracods Cypridinia squamosa (?), 
and Cyclopina gracilis was instantly extinguished when a small 
quantity of osmic acid solution was added. It is evident that 
the osmic acid, reaction is not necessarily due to, and it is believed 
will be shown not to be dependent upon, the temporary nor con- 
tinued vitality of the cytoplasm but that it is due to some spe- 
cific formed substance present in the cytoplasm of the tracheal 
end cell ^nd the peritracheolar membrane.^ To this question we 
shall return later, 

PHYSIOLOGY 

As stated above the crystalline deposit in the cytoplasm •of 
the dorsal layer cells may vary in amount. I have found that 
where the crystals appear 'in abundance the photogenic cells 
are shrunken and the region of the tracheal cylinders are latge and 
vacuolated, while in cases where the crystalline deport is small 
or not present the photogenic cell groups are plump and the cyto- 
plasm very densely crowded with granules. That this is not due 
to methods of fixation, staining, etc., is clearly shown by the fact 

» It seems to me that the proper term for this membrane should be periiracheoiar 
membrane rather. than the misnomer ‘peritracheal membrane’ since, it is peculiar 
to the tracheole rather than the trachea. 
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that the same differences appear in material carried through 
different processes of preparation. In extreme cases the filling • 
of the dorsal layer cells has gone on to such an extent that the 
cell boundaries have almost disappeared. .When the tissue is 
treated with gold chloride and formic acid the granules appear 
in the form of large crystals in the dorsal layer. These are either 
monoaxial or biaxial crystals. The granular deposit in the dor- 
sal layer under normal conditions where only alcohol and xylol 
have been used in preparation of the sections appears uniformly * 
granular like it appears in fresh tissue. The same is true when 
osniic acid has been used on such organs. The granules are 
minute crystals less than 0.5m in diameter. Their crystalline 
nature is shown by their high birefringency. They are totally 
different from the granules of the photogenic cells which are 
non-crystalline and yield totally different reactions. Bongardt 
(’03) and Kolliker (’64) found them to be ammonium urate and 
after adding NaOH ammonia was given off. Others have found 
them to be ‘some salt’ of uric acid. When the xanthin testis 
applied to the isolated tissue, the residue after treatment with 
concentrated HNO 3 and ammonia vapor shows a reddish purple 
color. Upon subsequent addition of NaOH however, the color 
turns deep reddish-brown instead of bluish-violet. The tissue 
gives the test for guanin under some conditions, with an alkaline 
solution of diazobenzolsulphonic acid. It would appear from 
these results that we have here a nitrogenous compound related 
to if not identical with some of the derivatives from nucleic 
add. The interesting point is that we would accordingly have 
nitrogen present, and perhaps phosphorus. This immediately 
suggests that we should expect the granules of the photogenic cells 
to he a nitrogenous compound since a direct relation exists between 
the amounts of the granular contents in the layers. Furthermore 
this direct relation and the actual tracing of the products of decom- 
position resulting from the process of photogenesis from their 
place of origin in the photogenic cell into the dorsal layer cells, 
is shown strikingly and conclusively in sections of the organs of 
different species (e.g., P. pennsylvanica, P. ebriosus) prepar^ 
by a variety of methods. The photograph (fig. 5) shows a vieW 
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of a longitudinal section of the photogenic organ of P. sp, near 
Iharitimus, The dense White mass is the crystalline deposit in 
file dorsal layer cells, in this case the cells are completely filled 
with the minute crystals. Above this mass is shown small 
amounts of the same product among the viscera of the body 
cavity. On the ventral side shown under high power in fig, 6 
are the same products definitely located on the most peripheral 
parts of the cytoplasm of the photogenic cells, between the tra- 
cheal end cells making up the cylinder and the photogenic cell. 
It is important to note the exact limits in the location of this 
crystalline deposit none being found within the cytoplasm of 
the tracheal end cell nor in any part of the tracheal cylinder. 
The outlines of the nuclei are shown in (fig 5) appearing in chains, 
and separate in (fig. 6). They are surrounded by a layer of the 
same substance. The photographs are from specimens which 
showed the greatest amount of accumulated products of photo- 
genesis in the organ found in any of the material examined. I 
have found different amounts of the accumulated products of ' 
katabolism in different species and different specimens of the same 
species, so that we may find organs with only a small amount of 
deposit on the periphery of the photogenic cell maeses with no 
such deposit upon the surface of the nucleus and in many cases 
if not in most cases very little if any exists in the photogenic layer. 
The degree of filling of the dorsal layer cells also corresponds to 
the amounts of the deposit upon and in the photogenic cells. 
It is important to note that the region of the nuclei is the last 
to show the presence of the waste products. This would seeni to 
indicate that the chemical processes that have to do with the for- 
mation of this crystalline decomposition product can be traced 
back to the region of the nucleus. This point bccomaes more 
interesting when we compare the results obtained from the inves- 
tigations by R. S. Lillie (’02) and others on the properties and 
functions of the cell nucleus in metabolism, with special reference 
to its oxidative properties. From what follows it will be seen 
that the foregoing may or may not have to do with the immedi- 
ate processes of photogenesis, i.e., determine the localization of 
the origin of the light emissions from the parts of the photogenic 



434 


E. J. LUND 


cell It is to be considered as a condition where the waste prod- 
uct has not been removed from the ‘photogenic cells, but has 
begun to accumulate. In this condition the organ is still fyne- 
tional and the intensity so far as can be seen with the naked eye 
is apparently the same. From the facts concerning the r<dKr 
tion, in amount, of granular deposit in the dorsal and ventral 
layers it is evident that we are to consider the granules of the 
photogenic cells as at least one if not the main source from which 
the crystalline deposit is derived. Furthermore DuBoi^ states 
that he observed in the luminous secretion of the centipede, Orya 
barbarica, a direct transformation of the granules of the photo- 
genic secretion into crystals. From this it would appear that 
Weitlaner ('09) is in error when he concludes (p. 103) that “3. 
Die harnsauren Ammoniakschollchen Kbllikers [crystalline de- 
posit] haben den Hauptteil am Leuchten, sie sind die Elemente 
des Leuchtens und man spricht richtiger von Leuchstoff als von 
Leucht-organen/' and in view of the fact that observations by 
other workers upon the forms which he studied (Lampyris splen- 
didula and L.‘ noctiluca) and also as far as observation on other 
forms go, the dorsal layer is non-photogenic. I have found no 
traces of light from any parts of the body cavity, and the fact 
that small amounts of the crystalline substance do occur in the 
body cavity is of course no evidence for the localization of a proc- 
ess of photogenesis in the body cavity or fat body since the sub- 
stance is soluble and in part undoubtedly dissolves in the fluids 
of the body cavity. We are not even justified in concluding’ that 
the origin or localization of the light in the photogenic tissue is 
exactly the parts of the photogenic cells which as shown in (fig 6) 
contain the crystalline deposit, for observation shows that light 
is not limited in its origin to the regions where the crystalline 
deposit appears in the photogenic cell. All we can say is that the 
placeS’in- the photogenic cell where the crystalline deposit appears 
in preparations, are the points at which crysUillization takes place 
or where the cytoplasm becomes most saturated with the decompo- 
sition product. It is of vital importance to one’s understand- 
ing of the processes of cell metabolism that we do not simply 
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assume simplicity and let this assumption cause us to overlook 
evident complexity in the processes wliich go on in the cell. 

yhe granules of the photogenic cell are uniform in size approxi- 
mately 0.4#i in diameter. In fresh tissue they do not appear to 
be spherical. The fat globules in the cells of the fat' body are 
from 6 to 15 times larger and perfectly spherical. Thus we see 
at once a difference between them ill some of their physical 
properties. In some of the literature on the subject when an 
explanation of the process of photogenesis is attempted it is usu- 
ally stated that the process is “probably one of oxidation of a 
substance of fatty nature.^’ This led me to try various micro- 
chemical tests for fats and related substances. Osmic acid has 
usually been regarded as a specific ‘stain’ for fat. Lately Sudan 
III and Scharlach R. have been used and considered to be more 
accurate tests. Osmic acid blackens the globules in the fat body 
under all conditions, so that it becomes of importance to deter- 
mine if possible the conditions under which this substance is 
and is not reduced in the tracheal end cell where no such fat deposit 
is present but instead a clear cytoplasm. Jo this we shall return 
later. 

In order to see what the effect would be to feed the insects 
with Sudan III as has been done by Riddle (TO) in studying the 
deposition of the yolk layers, in the hens egg I fed specimens of 
the various species and also Pyrophorus plagiophthalmus on sugar 
cane impregnated with Sudan III for five or six days. The ani- 
mals remained perfectly healthy and active. Such animals became 
pinkish in color showing that the Sudan III was distributed 
through the body tissues. Sections showed that the stain had 
been strongly deposited in the fat globules of the fat cells, the for- 
mer being stained a deep orange red. A faint pinkish coloration 
took place in the other tissues, which was very probably due to 
the presence of the stain in solution in the body fluids: The 
photogenic layer showed a slightly stronger stain than the other 
tissuCvS of the body with the exception of the fat globules in the 
■fat cells. But with such a slight coloration it is impossible to 
tell whether this slightly stronger staining in the photogenic cells 
than in the body may not have been due to the smaller size and 
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greater number of granules of the photogenic cells, and hence it 
is difficult to say whether slightly weaker color was due to smaller 
degree of specific affinity for the stain than in the case of the /at* 
globules or as simply due to the physical conditions. This at 
once indicates a difference in the chemical nature of the fat deposit 
in the fat cells and the granules of the photogenic cells. Since 
as has been pointed out above and has also been found to he 
true by others that the waste product from the photogenic cells is 
a nitrogenous compound, we should expect nitrogen present in the 
substances used up by the photogenic cell in the processes of 
photogenesis and since many of the ordinary stains show similar 
reactions of the globules of the fat cells and the granules of the 
photogenic cells, they must be considered as having some proper- 
ties in common. This led me to compare as far as possible the 
reactions of the nitrogenized fats with the reactions of the gran- 
ules of the photogenic cells. 

Loisel (^03) has studied and compared the staining reactions of 
neutral fats with those of lecithin by a method which he recom- 
mends (q.v.) and has .found marked differences in their affinities 
for many stains. By mordanting with iron-alum, staining for 
a short time and then dehydrating with acetone, the following 
results are obtained. 


STAIN PHOTOGENIC GRANULES FAT GLOBULES 

Aqueous sol. orange (i.. y el low is li -orange not stained 

Methyl green bluish-green i pale green 

Acid fuchsin deep purple ^ very pale purple or not stained 

Gentian violet deep violet very faintly violet or not stained 

Erythrosin deep crimson not stained 


Also 

Phosphomplybdic-hae- dark blue -black not stained, clear 
matoxylin (a myelin I 

stain) 

Sudan III (fed) [ slight or none.* j deep orange red 


* This agrees with results of Daddi on Iccethin and fat. Archiv, ital. de Bio* 
logic, 9(1. t. 26, p. 145. 



PHOTOGENIC ORGANS 


W 

These staining reactions agree with those for lecithin and fat 
jrespectively found by Loisel and Daddi. Their differences are 
^ marked in all cases that if the staining reaction is to be regarded 
as an index to the chemical nature of a tissue substance at all it 
seems that it must be regarded so in this case. Of course we 
are not justified in stating that the photogenic cell granules are 
a lecithin until further conclusive tests can be applied. Yet it 
is suggestive that a substance, the derivatives from which contain 
nitrogen so closely resemble the well known lecithins in all the 
reactions that it has so far been possible to obtain. 

Effects of certain chemicals 

The dorsal layer of the photogenic organ shows a strongly acid 
reaction while the photogenic layer has a slightly weaker acid 
reaction. This was tried several times by removing the two lay- 
ers from the transparent chitin and then turning the respective 
layers down upon the litmus paper and comparing the resulting 
colors. Heiiieman also found the tis.sues of the organ of J^yro- 
phorus to have an acid reaction. This of course would not neces- 
sitate that the photogenic process take place in an acid medium 
for it is well known that different parts of the same cell and the 
same parts of a cell at different times may give different reactions 
as regards acidity and alkalinity. Watase (^95, p. lio) reason- 
ing from analogy to certain other photogenic processes which do 
occur in alkaline media, states that here the process also takes 
place in an alkaline medium. However, so far, all the evidence 
we have, rests only upon analogy. Kastle and McDermott (TO) 
have repeated and added a large number of experiments on the 
effects of chemicals on the light production of the organs of P. 
pyralis. The results of these authors and many others show con- 
clusively that oxygen is a necessary element for the process of 
photogenesis. This statement may not be the same as saying that 
the process is one of simple oxidaiio7i. I have found a strong solu- 
tion of hydrogen peroxide to have a most striking effect of increas- 
ing the light intensity. The following are notes from one experi- 
ment : 

ra* JOUKNAI. OF EXPERIMENTAL ZOOLOOF, VOL. II, NO. i 
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(A) 1. The organ of a cf P. peniisylvanica was isolated 
intact and inverted on a slide. One to two drops of strong HgOj 
was added. 

Hesult: A strong constant li^ht appeared and oxygen was 
<‘volved. 

2. The viscera of the body cavity were then treated with H202 

Result: No light but evolution of oxygen. 

(B) 2. A second organ was- isolated in the same way and 
placed on the slide dorsal layer up then H 2 O 2 added. 

Result: Bright, strong, constant light appeared. The dorsal 
layer was opaque to light. When one of these brightly glowing 
organs were placed in the tube and bulb apparatus (see p. 443) 
and pressure increased a slight increase in intensity of the light 
could be noted although the organs were apparently at their 
upper limit of normal intensity. When left moistened with H 2 O 2 
in the air they remained brightly luminous for two hours. The 
results of this experiment and from the results found by Kastle 
and McDermott (TO), Bongardt ('03) and others that in pure 
oxygen the light is more intense than under conditions where 
oxygen is diluted as in air, show at once that a direct relation 
exists between the intensity of the light and the oxygen content 
or pressure. Kastle and McDermott and other previous writers 
have shown that water is a necessary condition for the existence 
of the light and that by drying the tissue of the organs after long 
periods (thirteen months in one case, Kastle and McDermott) 
light may be emitted from the substance up(m admittance of 
w^ter and oxygen. These and other writers have further found 
that by repeated drying and moistening with the admission of 
oxygen the process of photogenesis ceases after a time indicat- 
ing tha\ the photogenic process is a result of a direct utilization 
of material. This is of course in perfect agreement with the 
results Reported above on the origin of the nitrogenous waste 
product in the dorsal layer, and the diminution in the cell contents 
of the photogenic cells. From a study of the dried photogenic 
material we at once see as others have long ago pointed out that 
the immediate process of light production is not dependent 
upon the protoplasm of the cell but upon interactions between 
formed substances. 
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Observations on the localization of the photogenic process in the 
organs 

While collecting at night I found that certain Jamaican species 
normally emit the light in a regular way, e.g,, Pholinus sp, (?) 
(a small yellow form),^ emits what appears to be a long sharp 
flash lasting from 2 to 2| seconds when seen at a distance of a few 
rods. This flash when examined more closely is seen to consist 
of a number of smaller flashes caused by regular, rapid atid numer- 
ous changes in intensity. In some other species, e.g., P. sp. near 
maritimus the flash is similarly made up of a series of rapid changes 
in intensity but not as uniform and definite as in the above men- 
tioned form. Photiiius ebriosus shows a strong uniform flash. 
These species may readily be recognized by the character of their 
flash. A further study would undoubtedly enable one to dis- 
tinguish other forms by this means. Similar observations have 
been made upon some of the American Lampyridae by McDermott 
(TO).^ 

Max Schultze (’64-’65) from his study of the reduction of osmic 
acid in the tracheal end cell suggested that the process of light 
production took place in these cells. Emery (’84) was the first 
to make a study of the localization of the light in the photogenic 
layer. He found that the light in Luciola italica was localized 
in rings which were constant in position but sometimes were 
broken up into luminous points and since he found the reduced 
osmic acid in the forks to be located here and in the tracheoles 
he ‘was of the opinion that the region where the photogenic proc- 
ess took place was where the osmic acid was reduced. 

I have studied Photuris pennsylvanicus, Photinus ebriosus, P. 
pallens, P. sp. near maritimus, and others. When the organs are 
at the height of their intensity and when the light is not intense 
enough it is impossible to see anything with the compound micro- 
scope in the dark. But when the organs show a medium inten- 
sity the surface of the organ and the removed tissue can easily 
be studied. A view (fig. 9) under the high power, of the organs 

* Unfortunately this form could not be identified for me. 

^ Can. Ento., voL 42, pp. 357-363. 
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of, e g., P. sp. near maritimus shows the siirface of the photogenic 
layer to be made up of a number of shaded, oval or round spots 
distributed uniformly in a brightly luminous field. This generally 
occurs when the animal is under constant mechanical stimula- 
tion such as very slight pressure or when the organ is removed 
and then stimulated. To identify these shaded areas camera 
lueida drawings were made of the active organ and then horizontal 
sections cut and compared. These showed that the shaded areas 
(fig 9, >S) corresponded exactly to the cross sections of the vertical 
cylinders and the bright areas between them to the photogenic 
cells as in (fig. 4). Thus from direct observation we are readily 
able to locate the origin of the light in the cytoplasmic region of 
the photogenic cells. In certain favorably lighted regions on 
the organs, the yellowish green light is most intense in the region 
which would correspond approximately to the inner region of 
the zone bounding the photogenic cells (figs. 7, Z and 9, P). This 
zone is narrow in most forms and almost absent in some so. that 
as far as could be determined the periphery of the photogenic 
cell shows under these conditions the greatest intensity. It must 
be noted here however, that in many cases sections show that 
the tracheal end cells lie in depressions in the cytoplasm of the 
photogenic cells as is shown in an extreme case in (fig. 8) so that 
we should expect to have a more or less indefinite bright zone 
about the vortical cylinder if the light is located in some definite 
part of this region. The nuclei of the photogenic cells appeared 
in bead-like rows in some places. The intensity of the light was 
no -greater in the region around the nucleus where the crystalline 
deposit appears than in the other regions of the cytoplasm, thus 
the place where the waste products originate can not be consid- ^ 
ered to be limited to the places where they crystallize out for we 
must assuipe that the nitrogenous waste product is at least par- 
tially formed at the points of origin of the light. Under some con- 
ditions, often when the tissue of the organ is injured, the light 
proceeds from certain angular small spots in the form of an intense 
bright flash. This may occur a great many times at regular 
or irregular intervals. The angular spots are always constant 
in position and shape but the intensity of the flash may vary. 
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to see if there was any regular distribution of them 
but none such could be made out definitely. During the emis- 
sion of the flashes from these points clouds of diffused light orig- 
inating from the deeper parts of the photogenic layer often passed 
over the organ. These generally proceeded from areas similar 
if not identical in outline and constant in position. The organs 
in iliis condition of activity appear very much like the view one 
may obtain in the spinthariscope. When the same organ was 
stimulated the total light content increased greatly the charac- 
teristic shaded areas with the light regions between them reap- 
peared, changing the general view of the field. Thus there 
appears to be two modes of photogenic activity of the organ which 
show that the mutual relation of the factors which make the 
photogenic pl*ocess possible is not a constant and fixed one in all 
respects hut that through some variation in these 7'elalions we may 
have the location where the photogenic reaction takes. place limited 
to certain special regions under some conditions while under other 
conditions the localization may be extended in area. This is a 
^spreading’ of the process and a result of increased stimulus. 

Structurally it is impossible to refer these angular points 
which are constant in position to anything except the region of 
the forks of the tracheoles in the very distal part of the tracheal 
end cell, as Emery did. The fact that those points which were 
visible, were placed irregularly is very likely due to the distri- 
bution of those forks which are at the ends of the branches of 
the vertical tracheae on the ventral surface for here the forks are 
scattered irregularly over the ventral surface of the photogenic 
layer (fig. 3). The fact that the greatest intensity of the light 
when such that the organ can be examined is located ^on the 
periphery of the photogenic cell would indicate as Emery also 
found that the primary liberation of light energy is from the 
region where the forks surrounded by their thin layer of tracheal 
end cell cytoplasm are imbedded in (fig. 8) or applied to (figs 4 
and 7) the cytoplasm of the photogenic cell. When we consider 
this to be the case the fact that upon increased stimulation, the 
cytoplasm of the photogenic cell appears to be the origin of the 
‘ light, becomes easily explainable for through this we have innu- 
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merable tracheoles passing, and if the photogenic process took 
place around them the cytoplasm would be uniformly illumined 
as is found to be the case. On the other hand if we assume the 
photogenic process to actually take place uniformly throughout 
the cytoplasm of the photogenic cell we would have to find an 
explanation for the bright angular points in the less stimulated 
state of the organ. The tracheal end cells are not luminous and 
the fact that the cylinders arc not totally dark is due to diffusion 
of light into them from the photogenic cell regions. For if we 
are to attribute any degree of luminosity to them (i.e., the small 
amount which they show) we should expect them to be brightly 
luminous, which is not the case. Now since these cells are not 
luminous and the peritracheal membrane around the tracheoles 
is blackened in the same way as the tracheal end cell we have no 
reason to believe that light production is localized in this mem- 
brane and not in the cytoplasm. On the contrary we should 
expect that the process of light production really takes place 
in the cytoplasm of the photogenic cell and very close to the con- 
tact surfaces between the tracheal end, and photogenic cells 
of the organ. This leads us farther to localize the angular spots 
in the cytoplasm of the photogenic cell immediately adjacent to the 
forks and tracheoles, for here we evidently have the greatest amount 
of reaction because of the presence of the fork and body of the 
tracheal end cell at this point. This agrees with all the facts 
from observation. The same explanation was arrived at from a 
detailed study of the osmic acid reaction before the above study 
of the active organs had been made. Finally when we come 
to consider the control of the organ the above conclusion would 
seem to be more in accord with the facts. 

Effects of rapid changes in pressure upon the organ 

DuBois (’86) found that under diminished air pressure the 
light became weaker in Pyrophorus and at six hundred atmos- 
pheres the organs were intensely active. Evidently changes 
in air pressure in the tracheae normally vary only between narrow 
limits and if these changes have anything to do with the control 
of the organ we should expect to be able to affect the action of 
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the organ by rapidly changing the air pressure in the tracheae 
of the body and photogenic organ. In order to approach this 
condition as nearly as possible a strong rubber bulb of 50 cc. 
capacity was fitted to one end of a heavy rubber tube at the other 
end of which was fitted a 2 dram vial The specimen was then 
placed in this vial and a plug of slightly moistened cotton wool 
was inserted so as to keep the animal in the tube. The following 
are the notes taken in one experiment from among many on differ* 
ent forms. 

Photurus pennsylvanica d'. (a). The actively flashing ani- 

mal placed in the vial and pressure applied with the hand. 

Result: Flashes normally bright and strong when under atmos- 
pheric pressure. Increase of pressure increased intensity of flash 
temporarily. 

(b) . I then cut off the abdomen from the same individual. 
Light became totally extinguished. On placing it in the vial, 
no light was produced at atmospheric pressure. I pressed the 
bulb and as the pressure was increased light appeared more 
intense in proportion to increase in pressure. An intense flash 
could be produced in this way though not quite as intense as 
that of the normal animal. Flashes were produced at will, at 
intervals, for twenty-five minutes. Only a very slight diminu- 
tion in the intensity of the light at the end of twenty-five minutes 
was noted. 

(c) . I then isolated the organ from the same individual com- 
pletely from all other tissue and placed it in the vial. A faint 
constant light was evident. I increased pressure and inejease 
in light intensity in the whole organ took place. This could be 
repeated again and again, an intense flash being produced at will. 

(d) . I then cut the same isolated organs into haltcs longi- 

tudinally. Effects of increase in pressure on halves was the 
same as in (c). * • . 

(e) . I removed photogenic layer from one-half of the organ in ♦ 
(d) and placed the tissue in the tube. A weak constant light was 
given off due very likely to stimulation of tissue. Increase of 
pressure gave same results as in (c) and (d). After a short time 
the tissue lost its power of response and light soon became extin- 
guished. 
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It will be noted that in this experiment the increase of pressure 
on the exterior was presumably the same as in the interior of 
the tracheal tubes so that the only apparent effect was to produce 
increased partial pressures of the oxygen and other constituents 
of the air. Continued constant pressure produced corresponding 
constant intensity. The conditions are not the same as when 
contraction of the abdominal muscles takes place while the spir- 
acles are closed, yet increase in concentration of oxygen is brought 
about in the tracheal tubes assuming that a free flow of air into 
the tubes takes place. Of this there can be no doubt, for the 
tracheae are kept distended by the taenidia. Thus it seems that 
the only explanation of these experimental facts, providing increase 
of pressure does not mechanically or otherwise stimulate the 
photogenic tissue, is that this increase in intensity is directly 
due to the increase in oxygen content in the photogenic tissues 
for as has been shown by Kastle and McDermott, and others, 
the intensity of the light is greater where the oxygen content is 
higla'r. It will be noted that these results are obtained where 
the total pressure is constant. Now when the pressures, are 
lowered by means of suction on the rubber tube the opposite, 
when any, are produced, viz., the intensity of the hght is decreased 
with decrease of pressure and often may be temporarily extin- 
guished. The same results from experiments with low pressures 
have been obtained by DuBois for Pyrophorus. In order to 
eliminate the possibility that the increase in pressure is a stimulus 
upon the cells in a mechanical sense I need only cite the experi- 
ments of Bongardt (’03, p. 31). He took fresh and dried photo- 
genic tissue of L. noctiluca (the former responded to stimuli but 
the dried tissue could not be made to respond under any condi- 
tions) pluced them in a glass tube and slightly moistened the 
dried tissue>, which became luminous. Then the pressure in the 
tube was -decreased to 10 mm. of mercury. After 2| minutes 
the light totally disappeared in both the moistened and fresh 
tissues. When air was again admitted (equivalent to increase in 
pressure or oxygen content) both the moistened and fresh tissue 
became intensely luminous. This leads us to the question of the 
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Control of the organ 

There have been three main theories concerning the control 
of the photogenic process. First, the theory of DuBois, which 
holds that the respiratory processes are only related to the con- 
trol of the organ in so far as they serve to supply the necessary 
amount of oxygen m the same capacity as to the other tissues 
of the body. In other words that the respiratory muscular mech- 
anism does not determine when a flash shall or shall not take place, 
DuBois (’96) considered the control to be nervous in so far as 
the nervous system controlled the action of the muscles which 
are related to the photogenic organs; and that by contraction 
and relaxation of these muscles blood is made to flow through 
passages’^ in the organ. By this means of the control of the blood 
flow he explains ‘Vhy sensorial or psychic stimuli may affect 
the production of light” (p. 420). He notes however that the 
‘photogenic cells’ are ‘directly excitable.’ 

The second theory is that of Heineman {’86) and Watase (’95) 
who hold that the control is by the respiratory muscular mechan- 
ism causing the inflow of air to the photogenic tissue. Heineman 's 
theory rests upon the fact that he found muscles passing over 
the surface of the abdominal organ of Pyrophorus under which 
passed large tracheal tubes penetrating into the photogenic tis- 
sue. When he blew through a tube which was inserted into the 
large ‘prothoracic spiracle’ (?) tKe light from the organs increased 
in intensity. This lie considers an ‘experimentum crucis’ sup- 
porting his theory of control. The third one is that the orgafis 
are under direct nerve control. Max Schultze (’64) considered 
it probable that nerves connect with the tracheal end cells. 
Bongardt (’03) figures and states that he found nerve fibers passing 
along the vertical tracheae and finally ending in the tracheal end 
cells of L. splerididula. If such nerves do exist in the organ, 
it becomes of vital importance in view , of the results from the 
experiments with pressure, to see if their presence can be demon- 

* These 'passages’ which DuBois erroneously figured and considered blood 
spaces in L. noctilucaare of course nothing but the regions of the vertical cylinders 
and tracheae which sometimes do not stain readily and thus appear as if spaces, 
are present when actually no such spaces exist, as Bongardt and others have shown. 
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strated by a physiological method and if so what part they play 
in the process of photogeny in the Lainpyridae. If we do find 
such a control we will have found nothing new so far as photo- 
genic organs in many other forms are concerned, for instance in 
the photogenic Pennatulidae, Panceri noted the passage of the 
wave of light over the colony of polyps, serving as an index of 
the fact that the passage of a nervous impulse precedes the pro- 
duction of light. As to whether the result of this impulse partakes 
of the nature of a contraction in the photogenic cell we shall speak 
presently. Here we are particularly concerned with the question 
as to whether the nerve impulse ends directly in the photogenic 
tissue, and if so where it ends, or whether it ends in the parts 
of a mechanism which is external to the photogenic tissue, such 
as the muscles of the body. 

First of all it must be noted that the respiratory movements 
of the abdomen do not at all follow or correspond to the flashes 
emitted from the organ. Hence the simple respiratory move- 
ments do not account for the periodic emission of the light. In 
trying to carry out the idea of the compressibility of the volume 
of air and its translation in the tracheae of the photogenic organ 
I made repeated efforts to sec if any minute movements of the 
tergae or other parts could be seen in the animal emitting flashes 
of light under a binocular. No trace of such movement could be 
found. Hence if such a thing as control of the light flashes con- 
sists in a muscular mechanism its action has no visible external 
effects of contraction. So far as DuBois^ theory of control by 
means of blood flow is concerned, we would have to place the same 
limitations upon the mechanism, i.e., action without any visible 
external movements of parts, as in the theory of control by respira- 
tion, for Du Bois suggests the dorso- ventral muscles as being at least 
part of the mechanism. It might however, very easily be the 
cavse that by the contraction of the heart, etc., we would be able 
to get some sort of a rhythmical flow of blood through the organ 
if the spaces did exist as he supposed. The results of the follow- 
ing experiment show I believe, that both of these theories do not 
account for the essential observed fact that the flashes are at irreg- 
ular intervals, are sharply defined and that we must inevitably 
admit the existence of a specific and direct control of the nervous 
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system over the photogenic organ from a physiological ^standpoint. 
The notes taken from only two out of several similar experiments 
are reported here. 

Experiment I. (a). I made a ventral incision in a fresh active 
specimen on the segment anterior to the organ in order to cut the 
nerve cord. 

Effect: The organ remained dark. No spontaneous flashes 
emitted though the animal was active being able to run and fly, ’ 
brush its antennae, etc. Mechanical stimulation caused a weak 
light to appear at the point stimulated. 

(b). A second specimen gave the same results except that a 
very fakit constant light appeared and remained. Shaking the 
animal and otherwise stimulating it without stimulating the 
organ- directly gave no flash. 

Experiment IL (a). I laid open an active male Photuris 
pennsylvanicus by cutting along the sides of the posterior three 
segments, leaving the terga attached anterior and posterior. 

Effect: The flashes were strong and normally controlled as 
in fresh specimen. 

(b) . Then I raised and removed the connected tergae from 
behind, also removed the viscera overlying the organ with a small 
brush thereby exposing the whole dorsal surface of the organ 
without injuring the nearby dorsal layer or anything laying 
applied close to it. 

Effect: Flashes normal, under complete control and not notice- 
ably different from fresh specimen. 

(c) . Then I made an incision anterior to the organ and c1o.se 
to it 

Effect: Light became extinguished except at points where 
it apparently had been injured by manupilation and tlien only 
showed weak and constant light at these points. CffiTtrol abso- 
lutely lost. Mechanical stimulation of the isolated organ caused- 
light to appear at point stimulated. This isolated organ when 
placed in the tube and bulb apparatus responded to increases 
and decreases in pressure by a marked increase in the intensity 
of the light over nearly the whole organ. 

In (c) of Experiment 2 the blood flow if any was present must 
have been interfered with. The ‘dorso- ventral muscles were torn. 
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The terga- carrying the spiracles and valves were removed, and 
yet the flashes were normal and spontaneous and under perfect 
control. It must be noted that the last nerve ganglion, nerves 
and nerve chain were not dislocated in this experiment. Another 
fact of almost equal ‘importance is that the photogenic tissue, 
apart from the nerve chain and other tissue, is highly irritable and 
responds locally to stimuli. Where is the muscular mechanism 
for such a response in this case? 

Ejfects of temperature 

Mangold (^10) has summarized the resulta of experiments by 
others on the effects of different temperatures upon photogeny 
(p. 345). No uniform results have been obtained among differ- 
ent observers. But from those which have been obtained it is 
clearly seen that there are optimum and maximum temperatures 
h)r thg process. I have found from a number of experiments 
that with live animals or removed abdomens placed in a vial 
into which a thermometer was fitted and the whole immersed 
in water at 90° to 98° C. the temperature at which the light 
was extinguished varied in the case of Photuris pennsylvanica 
between 45° and 54° C. There was greatest intensity at about 
40° 0. Photinus sp. near maritimus gave results varying from 
47° to 55° C. The specimens of this species were immersed with 
forceps directly into water the temperature of which was registered 
by a thermometer. With this species the temperature could be 
rai^d considerably above the point at which light became extin- 
^guished and the light revived. This was noted again and again. 
The maximu'm temperature from which the light was revived was 
found to' be about 84° C. The light reappearing at temperatures 
around 50°<^. In all cases where the whole animal was used it 
.died at -about 40° to 45° (3. and all control of the light was lost, 
so that in P. sp. near maritimus the hght was always continu- 
ous after the specimen had been heated above a temperature of 
40° to 45° C. In raising the temperature the light in P. sp. near 
maritimus was always found to pass from the characteristic 
greenish yellow to a yellowish, thence to yellowish orange and 
finally to orange and sometimes into a reddish orange color before 
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it became extinguished, the rapidity of these changes depending 
upon the temperature of the water. The higher the temperature 
the more rapid the changes and hence at high temperatures the 
color would seem to change directly into orange before the light 
became extinguished. At lower temperatures of the water (50° 
to C.) the transition in colors was gradual. Traces of this 
same change in color was noted in Photuris pennsylvanica and 
Photinus ebriosus. When the organs were cooled and the light 
reappeared (P. sp. near maritimus) the transition in color of the 
light was in the reverse order, i.e., orange to yellowish and thence 
to greenish yellow. This sequence in color changes becomes more 
interesting when we compare them with color changes reported 
to occur in certain marine photogenic organisms. 

These experiments upon the live animal and the severed abdo- 
men are obviously ill adapted to tell us definitely at what temi)er- 
ature the particular chemical process between the formed sub- 
stances which results in light takes place, for we have to take 
into account the control and subsequent loss of control of the 
organ, also the removal of the necessary supply of air or oxygen 
to the organs and the formed substances concerned, upon the 
death of the animal. There may also be other efifects of temper- 
ature which have nothing to do with the essential [)rocess of |>ho- 
togeny itself but which indirectly determine whether it shall or 
shall not take place. Yet certain facts stand out: (1), (hat the 
process of phologeny is prevented from taking place at some temper- 
ature; (2), that it may be continued if the material is not healed 
above a critical tempt aiure ivkich prevents the possibility of further 
action when the temperature is afterward lowered. 

With the purpose of finding if possible whether the es.sential 
chemical process concerned in photogeny is affected by# certain 
definite temperatures I performed a series of oxperin:>«f[ts upon 
the luminous secretion of Cypridina squamosa (sp.?) and -Cyclo- 
pina gracilis^, two luminous salt water ostracods found upon the 
bottom in shallow water at Montego Bay. The solutions were 
made with pure filtered rain water, no distilled water being avail- 
able at the time. Solutions with sea water were also tried in 

" Miss Mary J. Rathbun has had these and some other forms identified forme 
and I wish here to. express my thanks. 
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other experiments. No noticeable differences in the results 
was found." Three or four of the ostracods were squeezed with 
a pair of forceps in the test-tube containing the rain water, 
thus causing in many cases a copious, intensely luminous greenish 
yellow secretion to be freed in the water. When this was shaken 
a homogeneous luminous solution was obtained. The thermom- 
eter was hung in the luminous solution in the test-tube and the 
latter was immersed in a beaker of water kept at from 90° to 98° C. 
The alcohol lamp was enclosed in a hood so that uo light from this 
source disturbed the observations. The following are the tabu- 
lated notes on the results of one series of experiments upon the 
luminous secretion in a solution of rain water after the tempera- 
ture effects had been noted in a general way by a preceding series 
of trials. 


SOLUTION IN 


IMMERSION 

FILTERED BAIN 
WATER 

BAIBED TO 

RESULT 



degrees 

1 


A 

60 C. 

' Recovered to a bright lumin- 
escence upon cooling 

f first 

Same solution i 

B 

65 

Recovered to a bright lumin- 
escence upon cooling 

[.second 

IV 

65 

Showed only a very slight 
recovery of luminescence 
upon cooling 

f first 

Same solution i 

C 

67 

Recovered to a less degree 
than solution R' at G5® C. 

[second 

C' 

67 

Did not recover 

/first 

D 

70 

' Recovered very faintly 

0 !UUU solution < , 

(second 

D' 

70 

Did not recover 


E 

71 

^ Did not recover 


F ; 

! 

70 

Did not recover until after one 
minute and then very faintly 


G 

1 

! : 

71 

Did not recover 

Solutions raised to temper- 
atures above 70“ to 71“ C, 
never recovered their pho- 
togenic power. 


• Thus there would seem to be no inherent reason so far as the essentials of 
the chemical process are concerned why photogenic organisms should not he found 
in fresh water, as is the case. Perhaps the photogenic function is to be considered 
a primitive one so far as phylogeny is concerned. 
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In all these experiments light disappeared at 50° C. and light 
reappeared again at 50° C, The latter was determined with 
solutions raised to 51°, 52° and 53° C., and then allowed to 
cool, for when the solutions were raised to 60° or 65° C. and higher, 
the temperature at which visible reappearance of the light took 
place was not so well defined and sharp, because of the low inten- 
sity and hence it was difficult to determine the exact temperature 
at which the process began again. The time rate of return of 
the light depends upon the time it takes for a solution to be low- 
ered to the temperature where light reappears, for quick cooling 
caused a quick return of the light.® Thus we see that here we 
have a luminous secretion which when isolated yields definite 
results while with the photogenic organs of the Lampyridae it is 
more difficult to determine the exact temperatures, very probably 
for the reasons given above. The important thing is that they 
show exactly similar behavior toward temperatures. 

Since the specific effect of temperature is one of the chief criteria 
for showing the existence of enzymes these results have led me 
to study further the osmic acid reaction in the tracheal end cells 
of the Lampyridae. If the reduction of osmic acid on the tra- 
cheoles and in the tracheal end cells depend.s upon the existence 
of a specific enzyme then when the tissues of the organ are heated 
above the temperature at which the enzyme is destroyed and 
then treated with osmic acid we should presumably obtain no 
reduction of the acid in the structures where the enzyme is located. 
If this is the case we shall have found an explanalion for the reduc- 
tion of osjnic acid in these cells. 

The following are the summaries of results from six experiments 
to test the effect of temperature upon the photogenic tissue with 
regard to subsequent reduction of osmic acid in the ti'acheolevS 
and the tracheal end cells. All the experiments ^ept Ex- 
periment 5 had controls; the latter passed through the same 

» In these experiments where intensity of light was noted the results depend 
upon the visual sense of the observer. No apparatus for measuring the intensity 
and point of disappearance of the light was at hand. But precaution.*} were taken 
to make all the observations in a perfectly dark night and against a black back- 
ground. 
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processes except that of bi^mgjfeted. Sections were ctut and 
mounted, some stained .^unstained. ^ ■ 

Experiment 1. Sixteen of Photinus sp. near mari- 

tirnus were taken. ^ 

(a) . Control. From eight specimens I removed the abdomen 
and placed them directly into 0.5 per cent osmic acid. V t 

^^(b). Eight whole specimens were immersed in water at .98^ .. 

for one minute. The abdomens then cut off and placed in a 
0.5 per cent solution of (OSO 4 ) osmic acid thirteen hours (same 
length of time as in (a).) 

Result: (a). Reduction took place either in whole or greater 
part of organ in all the eight specimens. 

(b) . No ’reduction of OSO 4 took place in any of the tracheoles 
of the boiled specimens. 

Experiment 2. Tw'elve specimens of P. ardens var.? were 
taken. 

(a) , ('ontrol. Abdomens of six placed in 0.5 per cent OSO 4 ; 
three of these were cut and mounted. 

(b) . Six were placed in water at 99° C. in a dry vial for about 
one minute. Then abdomens cut off and placed in the OSO 4 
solution. 

Result: (a). In the three that were cut the tracheoles showe^ 
strong reduction. V- 

(b). No trace of reduction of OSO 4 in any of the tracheoles i 
of the six specimens. 

Experiment 3. Four specimens of Photuris pennsylvanica were 
taken. 

(a) , (k)ntrol. Abdomens of two immersed in OSO 4 . 

(b) . Two immersed in boiling water one minute; abdomen 

cut off ahd placed in 0.5 per cent 0 s 04 thirty-six hours (same as 
(a)). ‘'"v 

^ Result:' (a). Strong reduction in tracheoles and tracheal end 
cells. 

(b). No reduction in tracheoles and tracheal end cells. 

Experment 4 . Twelve specimens of P. sp. near maritiiuus were 
taken. 
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(aJ. ('oiitrol. Six weiv phuanl in OsO., (Iir(H‘tly and left in 
same time as ih). 

(h). Six were j)laeetl in water at 80"^ (’. for thiee to four min- 
utes then into OsO., 

Re-^idl: (a). Showcal stroji^ I'eduetion in most of the s])eri- 
meiis, and slightly less in one or two. All sIiowchI r(Hlu(‘tion, 

(b). Three showed no rcaiuetion in traelieoh's. wliile 1fu‘(‘e 
showed traces of r('du('tion. 

Experimcnl o. Two speeinnnis of P. ])(Mnlsyl^’anica wen' im- 
mersed in watei' at 70>^ until li^hl l)e(‘ani(' yt'Ilow, then oran^^e 
and was finally extinguished. The lijiht did not return upon 
cooling'. Tlie abdomens wej'e ]'emo\ aal and plaet'd in tli(' OsOj 
solution. Xo control. 

Remit: Strotig retiuction took ])lace in th(' tra(‘heoh‘s and 
trad leal end cells. 

Expcrinienl 6. Twelve spe('imens of P, sp. luair maritiinus 
were taken. 

(a) . Oontrol. Abdf)mens of six ])laced in OsOi. 

(b) . Six placed iti waiter at (several niinut('s). Soni(' 

regenerated light slightly aftei’ imm(‘i-sing in the OsOi. All 
pa.ssed through yellow tlnm orange when inmi('rs(Hl in the water 
at (KP. 

RefiuU: H(‘du(‘tion took place moi’c or less in tracla'oles ol all 
specimens in both (a) and (bj."' 

From a study of the I'esults of th('s(‘ (‘xpc'riiiK'iits with t('mp(‘i'- 
ature upon the intiict organ, the luminous s('(a'(4ion and th(' dfect 
of tem])erature upon the osmic acid l■('action. it may at onc(‘ be 
asked: is tlie reduction of osmic acid iti th(' tracheal end cells 

Hdiigardl ('(K], p. U ) sottc's tlijit lie i/i siainitiy: tin- ti'aciictHrs bl.-ick 

i)V •*fi-\it!K fiu' tissue in .'ilcolutl ur siiltiiitian'-uinUic, slaiDiii}!; iti ejinnitic, 

decolorizing in ucid alcohol wasliiiiK in waUT 1 wonty-foiir lioiirs. placirt^; in siihi- 
tiort of 1 ;1()0 Os().i ov(‘r ni^iil ilicii into st ronj: acet ic riudit to ten li<mrs. vvashed in 
distilled water, liardened in alcohol enibcddc'd and cut. .\notlii‘r iniU liod is also 
mentioned usinj*; ^old c!ilo!'id(0 which is more coni|)]r'X. hrotn such (realfiKajt 
of the ti.ssiie if is obviously diflicull to k-arn anyt hin^ about l(i(‘ nalutvand wlnav- 
forc of the reduction, which in such a nietliod may l)e diu' to cnlirdy ililTcreiit 
causes. 
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and lnir*lK‘ol('s upon the vitality of tlu' pi’otoplasni of 

(he ti‘a(4i(‘al cud c(‘ll oi' is it only d(‘i)(‘ndcnt upon tlic existence 
of tlie formed substance's \vhi(4i by tli('nis('lv(‘s, as has beeui shown 
l)y drying’ thi' oi'<i;!in^, aie' abh' lo pi'oduc(' the plu'nonKUion of 
pholo^euKS'^is? With this conics ih(‘ eiuf'stion. did tlie tein])era- 
turcs Ix'low that at whi(4i osniic acid i-{'duction is pre\a‘nt(Ml from 
taking; place* kill the' protoplasm of the* phe)to^(*nice'(*lls? An 
answe'f to tilt' lal le'i' will fui'nish an answ(*i' lo the* forme*!' (]U(*stioin 
4'!ic animals arc \’t'ry sensitive* to hi<!;he*i' t(*m|)erat in‘e*s anel eh’y- 
nt'ss. Ill all tlie* te'inpt'rature* e*xp(*rinie*nts u])on tlie wlieile animal 
the* sp(*e‘ini(*ii always tiled at about 15" to 50"’ (\ if l{*ft in tdi' as 
lonji a tiine* as one' minute*, {’onti'eil of or^an was lost theiu^h 
ve*ry ofte'U a re'sidual ^low, some'! imes (|uiu* streiii^’, I'emaint'd 
after e'ttol inti,' if it had not l)e'e*!i he*a1(*d to te*nipe*i*at ui'cs wlue'li per- 
maiM'iitly ]tre'\'(*nt(*d the* e'ontiniiance* of the* li< 2 ;ht. It will be imteel 
I hat r<ui<i; re'duct ion toeik place* (*\'('n as hit>;h as 71 anel that 
trat'cs of re'eliH'tion we*r(* e\'ie{(*iit in MxperimenT 4, whe*re the 
oi't^ans hail bet'u h(*ated to SO ('. for tlu'i'e* to feiui' minul(*s. Fiir- 
tlu'i' it is impeu’tanl to note that the* ]'(*duction of tlie* aciil dot's 
not d('pe*nd upon the eenp/ioee/z/er of the jireit'css eif ])lioto^e*nesis 
while the aciel is pe'tie'trat in^ into the photei^e'iiie* layer as is plainly 
shown in the* !'e*ported e*x])e*rime*nts (4 anel 5l. Therefore* <dl the* 
conditions which are* ne'ce'ssai'V foi' the* proe'i'ss of photo‘i;('nesis 
ai'c' not iK'ct'ssat'y for the* osniie* ae'iel re'dut'tioii in the* trae'head eml 
ce'll, it is only ne'ce*ssai'y that tlu* m’^pins be neit heated above* a 
c(*rtain te*m]>ei'at ure*. 

^t is of e'oui'se* impossible tei ])i'ove tliat the* ])rotoj)lasm of the 
ce'lls of the* photoji’enie’ or^an was killed at 71T' eir SO'' (\ as in 
I'A'jieriment 4, Aneetlier important fact to be reniembere'el how- 
i'\(*r is^that osmie* aciel is itse'lf a stronj;' killing and hxin^' a^eiit. 
ddie* lonjN the time that the* oi't^ans are left in the solution the* 
more* ecxte'iisive* (within cerlaiii limits) is the osmic acid reduction 
in the* trache*al end ce*ll (fifi;. 2) now if !i small amount of rexlue'tion 
has take*n place arenind the* fure'ation then evidently we must liave 
had the ])enelration of the* ae'iel to the traciieal end cell and tliis 
it se'emis would be* efhe'ient in destroying its vitjdity. Tf tlien 
the first traces of the ae'iel are sufficient and the time long enough 
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for t()o killing of tli(‘ cvtopkism then llie lurllu'i* retluclioii of the 
osinie iieid can not }ia\e Ixmmi due to tlie \'ilality of llu' evtii- 
])lasin but to soiiu' substaiiee in tli(‘ (‘Vtoplasni wliieli ])y itself 
is abl(‘ to rediKA' osinie arid. Tlie temperatures at \vlii(‘h tlu‘ 
possibility of return to tlu' eonditions lUHassary for plioto^taiesis 
becoiiK^s p{a‘niaiiently d{'stroy('d in tlie hani])yrida(‘. viz.. 70 ' to 
<S4'' ( eorres])onds in ^eiuu'al to tlH‘ Uuipx'rat ui‘(' ^^'hirh destroys 
tlie possibility of the osinie aeid ]-(Mhietion in tlie traelu'al (Uid rvW 
to tak(' place. ^\’heii tiiuUui‘(' of ^iiaiacmn is appli('d to tlu' tissia' 
of th(' photogenic layer it does not turn bhan lU'ither <Io(s it turn 
bhu' wIkmi h\'dro”'(ui peroxi(l(’ is add^al tliou<>ii tlu' hydroiiiui pia’ox- 
ide is decoinpos(Hl. IIh' ])ow(‘r of d('(‘oin[)osit ion of hydr<tii;{'ii 
])(‘roxid(' is not liniit(‘d to tlu' p]ioto^(Miie or^-ans but u//// of llu' 
body ])arts wluui ]ilac('d in this rea.<>;ent d(‘conipo>{' it showinfi' tli(‘ 
presfuiee of a “catalas(c‘ I iniUKM'x'd spi'einHUis for one niinutt' 
in boiling' watca- and lespai [larts of th(‘ body with hydro^(*n 
peroxidt'. No deconiposition took plain' showing' that IIk' ^ cata- 
lase' was (h'stroyi'd. fn ^■i('\v of tlH'sr> ri'acUioiis of osniic aeid 
we may considiu' it e('rtain that tlie normal onluetion in fin"^h 
photo^'enii* lissiu' is du(' to (Ik' pi'i'si'inn' of some subslaiiei' 
ahlij of the naturi'ofa I’l'dinUasi' \\’hieli is foriiK'd in t Ik' cytoplasm 
of till' fi'aclieal (md ei'll and piait raclu'olar mi'mliraiK'. 

rs]': OF Till': ouoans 

A])art from th(' ])n)l)leins (‘onci'j'uiii^’ t lu' cln'miiail-physiolo^aea i 
nu'clianism of tlu' luminous or^’ans ot thi' bampyi’idai'. I'dati'ridae 
and numerous otlua- forms, is the significance and ultimati' ti-e 
of tlu'se (>r”'ans to tlK'ii' possessors. 

Osten-Sacken (*bl) states that he found males of Phofinus 
pyralis while thi'niselves emitting flaslu'sih li^hl. to ri'spdnd posi- 
tivel}' to the ji|ii:]U from tlu' females, and tliat a short'-tliiK' thf'tx'- 
after lie found tluan eopulalin,u'. Pinery bStii also found tlu' 
males to resjiond to the females in th(' sani(‘ maniu'r tlioujih 
he did not obsetA'e a subsecuient eiipiilatioii.-' it is a matti'r of 

IF'cently .Ari-Dcniiot t wrilrs luf th;it iu- ■•Ims vci'v ‘lefininiy ('oriflniirrl' ' 
Osicti-.Sarlu'nV i(His for i’hoiiiius jjyoilis. aii'l f-MciitIcii tlictn Oi I’. I'on- 

suTijiuiiKMis ;ni(i P. si'iiilillnro. 



(Mirnmoii to pf'oplc of i‘(‘^ions of tiu^ tropics wiuM'e 

Pyrophorus al)oiiinls, that it rcsjjorHls uiidci' coitaiii conditions 
to ()?'dinarv artilicial li^hl slininli. 1 liav(' Cf)ll(H‘t(*d plattio- 
])}itlialMms !)>■ iiK'aiis of a sinali partly (Micioscal iiK-andtscoiit light 
and by iiKaiiis of it hav(‘ found tluan to r(‘a(‘t strongly at distances 
of fifty yards or more. During this r(‘action all th(‘ii‘ pliotogenic 
organs an^ in full activity. 

(^nnparison of th(' (\V('s and tli(‘ ])liotog(aiic oi-gatis in those 
speci(‘s of Lanipyri<la(‘ \\ii(M‘(‘ both inal(‘s and hanaUs w(a'(‘ t)!)- 
(aiiK'd, showi'd. (a) Thai in all inah^Sj and to a smaller extent 
in lliose sp(‘cies, the leniahss of which ai'e most activ(' and al)un- 
dant, IIh' ey(‘s ar(' giaaitly d(‘V('lop(“(l. (b) '^bhat in all eas('s the 

(‘ves and at llu' saiiK' tiiiK^ tin* photog(MU(‘ oi'gans of tlu‘ males are 
largi'r than tlu' corr^'sponding oi'gans of tla^ female, i.e., the extent 
of d(n(‘lopnienl of tlu* eyes is in direct r(‘lation to the ext(mt of 
d('V(‘lo]nncnt of tin' jihotogenic* organs and iictiA'ity. In one large 
female ( unidimt ifical) which 1 found on the ground among some 
gi'ass th(' organ was (^xc('edingly small, tlu' (wes w(M'e \ ery much 
i‘(m1uc(m1 in siz(‘ and addial to llu‘ abo\(' shortcomings the wings 
w(‘re rudimentary. The photogenic organ, how{'ver was very 
activ(‘ and w(dl eonti-olkal giving off a strong greenish yellow light. 
Tins becomes of further intei’('st when we note that then' exists 
a direct relation betw('en tlu' head ganglia and tlu‘ (‘ontrol of the 
photog('ni(‘ organs. hen the head is removed from specimens 
(‘ontrol of th<‘ light is interfei'ed with oi’ lost and the spontaniety 
of tin' flasln's is also lost. Ibanoved abdonuar- whi(‘h contain 
tlu^last abdominal ganglion show no spontaneous control, usualU 
the organs give off a continuous or ii-regular glow or else liglit clis- 
appc'ars (hough tlu'y r('s|)ond to mechanical and some other kinds 
of slimi^li. 

A sylHfl,. probably Odontosyllis pa(*hydonta \ei'ril, during 
(‘('ft :iin periods, reacti'd to emdi other and to an artificial liglit 
stimulus in a most sti'iking manner. The ey(^s of this syllid are 
unusually develojicd. in one (‘as(‘ a female —one of the syllidae — 
filled with (‘ggs was taken while brillantly luminous, and some of 
tli(' eggs, whi(*h were shed I'cadily, wore fertilized with sperm 
taken from individuals caught in the tow not in the same place 
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and at tlu‘ same time. Th(‘ lu'Xt moi'iiini^ liaise laid de\elo{H‘d 
into late el('ava^(^ sla^‘(‘s. ( ialloway and ^\'elrli i '1 1 > liav*^ louini 

l)y direet ((dservatioii that tlu‘ j)ositi\'(' i’(‘sj)()ns(' of tlu‘ mah' and 
ieniak' of Odontosyllis o('no])la to ('ach otlua' la'sidls in llin hrin^;- 
in^‘ to”‘etli(M‘ of the and spinin in llu' walia- so that laa-e wo 
hav(M)n(‘ of tlu' lirsi well (staMislu'd tiisiaiKM's of i hr stwual adjiinri 
sin‘nifi(atnc(' (tf |)hotoj>:('nirity in organisms. 


Sl'.M.MAin 


1, Xo fiindanaaital >l]'U(‘tm'aI dil’lei‘(ai(‘r (wist< in tlir jilioto- 
^enir oi-,iian> of tlu' sp('ri(‘< of l.ampyi’idai' stndiojl. 'Phr ('Irnirii- 
tary photoj4{aii(‘ nKH’haiiisnis of whi(‘h lli(‘ or.i>,ans are madr up, 
viz., tin' Irardn'a, t rarin'ol('>, trarlu'al (aid and photo, uiaji(‘ (-('ll 
with their r(‘latioii lo tin* in'ioous systt'ni, 1ak(‘n <a)llt‘rt i\ ('ly, ar(‘ 
tin* saiin* in all tin' forms. 

1?. din* t i“a(‘li('ol(*s ar(‘ tulnilai- and Inna* hr'i'ti shown lo aiias- 
tomos(' in Idiotiiius ('liriosns, ddn'y ari* nnnh* iif) of a (‘hitmoii^ 
snlistaina*. whii’h is nioia* I'l'sistanl than tin* pi'olopl,‘i>ni to la*- 
a.iienls, d'ln'ij' inmibf'r, wln'ia* il roiild Ik* d('fiiiit(‘ly (h'ti'rniiiird 
has l)(HMi found to lx* (anislant for (‘a(‘h ti'arheal ('inl (‘(*11. TIk* 
ti'a(‘h(‘ok's ar(‘ in no ease liniit(Ml in tln'ir course to the oiiisidj* of 
tii(' photo^’eni(‘ veils lail ])('n('ti‘a1i‘ inlo tin* (‘ytoplasin of tin* !att('j’. 
Th('y ai'(' appaia'iitly lilhal witli a hKiuid iiiid(*r such eondilioiis 
as make ol)sei'vatioii of tln*m possihh*. 

.‘h Xo distinct eytoplasmie nnanhi'ain* around lln* traeln'oh's 
could he (hnnoiisl rated y('t lln* reactions to osmi(' iieid shows diaf 
a limited region about the traclieoh's has tin* sann* specific prop- 
erty of reducing the acid as tin' cytoplasm of tin* tracfu'al end c('lh 

4. ddie reduction of osniic acid upon tin' t |•acll(‘olek and in 
the cytoplasm of the ti-itcheal end cell is dep{anl(mt upon the pr('s- 
enee of a sultstance pi’obably of th(' nature* of a reduct ast* wliich 
.shows the same pi' 0 ])erties as i'(*^tards the effects of teni])eratiin*s 
upon it as enzymes in general. The p]*o(*(*ss of ])hoto«'(*iiesis is 
depeTid(*nt upon the presence of tliis substance as is sliown by the 
parallel effect of temperature upon the pi'oduction of li^ht. 



-j. 1'lif procc'ss of p}io1o^;c'ii(‘sis is iii(l(‘p(‘ii(l(‘iif of t}i(‘ vitality 
of i1k“ cytoplasin aiitl is a i'(‘-iiltant of tlHMiit(‘i'a('Uons of foriacHl 
suhstaiKMs ill th(‘ i)i’(‘S(‘iicv of watvr and oxy^fMi. It is lii<z:hly 
j)roljal)l(‘ tliat il partak(*s of tin* iiaturr* of an oxidation Init tliis 
has yvt not been dniiionsi ratctl tor tli(‘ ph<;to<!;(aii(- pi’of'Oss in the 
hainpyi'ida(‘ if in aii\' aiiinial. 

(). It lias ))(‘(‘n sliown that photoji^cMK^sis is innidi'iil ujtontho 
lit ilizat ion of a nil ro|;('iioiis (‘onipoiind tin* jihoto^'onie ^i“anules - 
<!;i\in^ slainiii”' |■('a(‘tions lik(‘ thosf' ol lecithin and difiiaxMit from 
those of th(' tni{' fats, and that this nit ro^’inious conipound ap])ears 
at h‘ast ill part at t hiMnidof th(‘ pi'oei'ss in t li(‘ form of a nilro^inious 
\vast(‘ product. This cryslalliiK' suhstaiici' appiairs from its iv- 
actioiis to h(‘ alli('d to or identical with soiiu' of tlu' split })i“odncts 
of nucleic acid. 

7. d'lu* doi'sal laytu' (aTs ])(M*om(‘ th(‘ re])ositoi“i(s for the waste 
produi't. .\o direct transformation of the photo^enii' c(‘lls, as 
such, into cells of tlu' dorsal layi'r taki's place. 

S. d'h(‘ j)hoto”’(mic proc(‘ss is locali/aal in and adjacent to the 
cytoplasm (»f tin' i)hoto^eni(‘ (mTs and (spc^cially (as far as could 
h(‘ d{‘t(‘rmin('d) when' tlu' (‘ytoplasm of the ti-aelii'a! (mkI cell, and 
ti‘ach(’ol(' is appliial to th(' jihoto^enic cell. 

h. Th(‘ incr('as(' m inic'iisity of tlie li^ht resulting from increase 
ill pri'ssure is diK' to tlu' inci‘('as(al oxy‘i;en content in the regions 
wheix' photogCMK'sis tak('s pla(‘e. Changes in the oxy^c'ii (*oiit('nt 
is not tlu' primary nit'ans of control of the organs, 

10. Th(' primary (“onti’ol of tlu' or^an is by iK'ives in diret't 
confiection with tlie photojrcnic tissue and not by an external 
respiratory muscular nn'chanisnn The termination of nerve 
hb(‘rs in tlu' traidieal end ci'lls as Hontr'ardt states he found in 
Lampyri^ splendidtda is supported by the fact that i)hotot>:enesis 
may be lihiited to points wiiiiT can stiaicturally only lie referred 
to the tra'chtad end cells and that upon incr('as('d stimulation a 
phenomenon similar to a 'spread' of the stimulus takes place. 
Furthermore tlu' i)hoto^eni(‘ tissue is irritabh' and responds locally 
to nu'chanical stimuli, 

11. (liri'ct control r(‘lation exists kietween the ])hotou:enic 
organs and the nei’\e eenti’cs of the head. This is apinirently 
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r*()rR‘]:it(Mi to tlu' rc'hition \vhi('h (Exists l)ot\V(‘on lln' of 

(levolopiiKMit of t]i(u'\'t‘s and llu‘ plioto^oiiic oi'^aiis. (‘xtont 

of dov(‘lo|)!iioiU of tlu' ('vcs is ill diixM't pi-opot'l ion to tlu' ('xtont 
of <l(‘V('lo[)in('iit of iho pholo^('iii(‘ oi’^aiis. 

12. Tli(' posili\’(‘ ]‘(‘spoiis(‘ to by some pilot oi^taiia organ- 
isms i'{‘sults in briii^'iii^ the and >))(n’ni in tuxaian' proxiniily 

to (XK'li oIIkm’ in (XROS wlici'i' arc si't toa' in thr wati'r bnlort' 

ft'ftilizatioii. This has biani shown for Odoiilosyllis I'liojila l)y 
( lallowa_\' and AXoleli. ddiis is also \'(n'y jirobably tnu^ lor Odon- 
tosyllis pachydonta '?) \ (Mrill. In otlu'r ('as(‘s iho rosponsi^ may 
l(*ad to ropulation as has Ixani toiind toi* bhotiiius jiyralis by 
Oston-Sarkrm and foi' Photiiuis consan^iiiiK'us and lb sointillans 
liy M(‘l )(‘rinott. 
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i:\IM.\N ATION nl'' ll(;t KKS 

l'lint<)iiiicr<)}ii';ipli of p;irt of ;) Imijiit mliiial Ncrtical scjM ion oi pliot n^eniic 
ort:;aM of ' IMiolni'is pfriioyl Vaiiica, kilttai in U.a per ((‘til Os()., t[iifly-si\ fioiirs. 
\\ (*akly s(airi(‘<l in liaiiv ii'i’s [ticKi cai ini nc : liiyli powci ; /A dotsal layer slmwinjf 
(■('11 walls and coiitcni of <>‘i’aniilar v\asl(' priHiiici : /'. ]»iioi o^(‘iii(- la>’<'r slanviiiji 
ttiick'i A. and |)liol ojiciiic annit’s ; 1'. xciiical Iradit'an: F . furaalion^ where 
o^'inie acid rednel ion fi rsl ! a k(“S plae(' : two t rrnlit'oles a rise f I'oin (aacli : N. st emit (n 
A . traeh('al end cells Ix'lween dorsal and pliotojicnic layers ftami whitdi 1 ratdieidt's 
[tas> vetitrally: similar ones tna\- he found seaiieitai ((\'er the vtuilral sin-face. 

1 Horizontal section throiitih [iliolo^enic layer of ' IMiot iiris pennsyU aniens ; 
J.yoiis l)liie and hora\ cal mine ; lumen of \-ei t ical 1 rachi'ac; A , niich'i of f racli(';il 
('pithelium: /A nuclei of tracla'al (‘tid cells forniiiie: a eylindi-r atanind \-erlieal 
traeh('a; /’, nuclei of photogenic cells. ’This phot o^ia pli shows! Iu‘ so-ealh-d 'cell 
houndari(‘s' and jri'otipinji' of the photoeeiiie ei'anules about tin' nuclei. 
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i;\ !*(. \\ \ I 1<I\ (»K I II, I K! " 

.1 I’lii i( (HiiicrfiKiiMpli ul M VC I'l ic:i I !< 1 tiK.i ) m I i II ;i [ ''CiMiDii (»t ]))i(ii ()u;ciiic offiaiiy of 
IMio'iiiii- S]I. near niari* iimis, lakcii wili! ilic aid df a ’ liiills-cvc’ condcnsci- l>\ 
I'd lee I cd ; t he | losl ct lor a nd jia rl i )l a n 1 crior phol ouc n ic i ay all l" "liown. nil ii 

ihc rclalni- disl ril iii! ion of tlic ci-vsl a 1 Ii tic iiiMokciioiI" \va>lc piodiirt. . 1 , ainon.K; 
I lie alidoliiitial viccfa ; 1). <ioi>al l:i>cr c(>l|" ccaiijilcl c! v idled : l\ | leri | diein of plin- 
lo^idiic cell ; A'. d<‘tio,-.ii afolind 1 lie r<in> of niii-hn of | ihol ( )K.eiiie ridi". XoW 
t i Ve t liiekricss «if din>;d and phot (lOfnic layer- in i Id- eondii ion of 1 he orfran. 

<1 IMiol <1111 ierojiiaph oi hi^h powt'r ol photo^cnie and [lail of ilorsal hivc]' 
slion inu; disl liliiilioii of er\>l al Ii ne di'posi l , /;. dol'sal la\'ei’. cell <iti! liix's and posi- 

lioii of nuclei l)and>' in<li<-ai<‘d : / pli()toK:eiiii' cell - |y <liiniid>he«l in >ize a ml 
coni aiiiiiin' l he waste prod nets in I h<‘ pinapliei'al reK'ion of t In' pint! o«iinile celt and 
annnid th<‘ nuclei o-f. (ijrs. 1 . 'J rmd .V, 
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i;Xi'L \\ \TI(i\ oi' I'li.l KK.'; 

7 < ':itnci-:i liicidn (Jr;i\vi liji rtj' t)|’ vert i(':i I -cr'iinti uf uruMii i>f 

Piiutinus >|i. in iiniliiiy. WMicf. -tniiifd jii p!)it>;ilt(j'tiitilylKlic 

a<'iil n.w iin. I', itadifal end (•(■ll.-- tunning < \'l i mirr slinwh in 

aj'fiinid \ iTti('al ttadica, i W'liiidi t cMiii iia I !■> in 1 na lie lic'- nn \ct) ( I'a I >id(- : / . ) I'a- 
clical tiaink .'Imwinu liaii's; X. ]MM'iplici-al zo]U‘ nf j)li(itowrtdr rid: /'. plinl (lUf’iiic 
tifannln.- A. tinrlri i-C itiuda'a] fpil liclinm : I). dftisal I iiyci' cel I ^ : II. liypodciaiii.' : 

cliitni (if sh'itiiln Itcariii;; liaii>. 

s ('aitura I iirida d tau in^ i d' pari of m‘ci ii m i d pin il uiicnic (il'ji'an of 7 

PhnI ^lri^ piMiii^ylvatiica : (i\(nl in o^mir arid. 'Pin' plml •i^aniir layrr is otir cfil 
dcrp ;iiid llir Ifaclical (Mid tadls at(‘ ilistrilmlrd omm 1 lir dnisiil and Vctill'al sidi-s 
inslnad nf t(H‘initip‘ rylindnrs aroutiri the 1 raclicais /, t I'atdina tiailii whirl) 
l»raiici)c- II. .alMM' pa-siiin ilitn llic IWii palll\' nil ilM-rld,.! [ tt'acdn'al flid ladls < ' : 
II. !iuidci <d' I rar iirai ( -c. , /■'. fiirra! ion I'rDiii whirl) al'isi' i lliaa' I rar li(‘td('s. Krdijr- 
tiiDi (if the .arid ha." Hot hr<Mi .'•idlirirnl tc(s!ni\\ ihr Irarlnaih'S I hiani^lnnil llicir 
(Mitirr rinu'^r. 1 (ilf'h dcpnsit (if 1 he rrdiKa'd ()-•(), is slniW)) .a lx nil ihr fllt'rat ioll 
u il ii t iMHav-' (if il in 1 h(‘ rytdplasin. iiiirh'Us and I'r^iiit) IxM waani 1 hr ])!)ol (iti'cnir ainl 
liai liral (Mid (-rll: II. liilrh'i <if h\'p()d(MMnis, /, rhiliii; 1). dorsal hiyiM' (adU. imlr 
ndal i\'r I hirktirss (»f dorsal and ph()to^(Miir layia-s : }‘. phol omaiir <adls wit h ^laii- 
tilrs. 

it \ lew of port ion (*f ^aMl 1 1 al siirfata' of phot o^r iiir otyraii ot Pli i n i ni)> >[). near 
nnirit imii>-. dra'.\ n 1>\ means (d (aiii. I nr. out line <d art i\'(’ oi’Liat). .'s, sliadial ai'ra 
( 111 r("-poiidinii: to ( vlindiM' and slio'Ainii' otd>.' a faint liuht ilm* io diffusion of lii:hl 
froni 1)1)01 ou:r llir a rra" L. d'hr lat t m- (airiaxpmn i t o ri'.'aioiMit ])h; it oy-’nie lad Is. }\ 
I HMM phr I'a! ia‘u:ion ol pholotiiMiir rcdls slmwina: tnidiM' some (amditioiis a sli^(ili,\ 
irrratm- intmisli)- id' Hiiilii: .\ . nnrlei of phot o^viiir reli' faintly visihlr as small 
shad(‘il spots. 








EXPERIMENTS 0N%1^I^ING ;^1CK|1NS^S EGGS 

STtJWAfeT ; 

Biological Lab&ratorth ^nc^h Ukiversity 

The results of observations made upon the developing eggs of 
^gveral species of selachians suggested the pcNSsibiiity of repeating 
llhese experiments, with certain modifications, upon the embryos 
5l>fe0^C|fjyertebrates. 

i scyllium canicula is admirably adapted for studying 

movements of the heart and myotom without in 
any iftiy disturbing the normal relationship of the growing organ- 
ism, but on account of the difficulty of securing these eggs in 
Jlia^ge quantities a search was made for material which could be 
easily obtained. Observations made upon several species 
- of lizards, frogs and fresh water fish were for many reasons unsatis- 
i, factory and attention was then directed to the chicken egg. 

. Experimenters have at various times removed the fertilized 
egg from the shell, and after detaching the embryo, have suc- 
ceeded p, keeping the latter alive for some time not, however, 
^ceeding a period of twelve hours. After many futile attempts, 
an operative technique has been devised making it possible in 
the majority of instances to remove the fertilized chicken’s egg 
from shell, place it in a glass dish containing fluid and return 
the i^eptacle to the incubator, when development under the 
conmtjpj^ to be mentioned proceeds unint^^ptedly. The egg 
the shell becomes an object for ob^rvation and exper- 
iment^ "and not only the incidence of the primitive movements 
of the heart, but also many other interesting phenomena con- 
nected with the growth of the embryo may be observed and 
recorded. The technique employed in the operations is as 
follows: 
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All solutions are sterilized in the autoclave. Such a small 
quantity of fluid is lost during the process that in the majority 
of cases it is not often necessary to replace it but, if in certain 
cases it is essential, this may easily be accomplished if the fluids 
have been sterilized in graduated flasks. In order to shorten 
the operation as much as possible, and to minimize the risk of 
exposing the sterilized fluids to the air, the solutions are poured 
into dishes in which the eggs are to be placed, covered and put 
in the thermostat. The lids, which should be 5 mm. to 10 mm, . 
larger than the dishes, rest upon collars of cotton held in place by 
string, and by this means free access is given to the air. Care 
should be taken that the cotton does not come into contact with 
the fluid in the dishes, and on the other hand, these collars must 
be sufficiently thick to raise the lids and give plenty of opportunity 
for the passage of air. Many embryos are killed by a deficient 
supply of oxygen. The cotton acts as a filter and prevents all 
bacteria except those within the shell from contaminating the 
fluids in the dishes. 

After the egg has been for the requisite amount of time in 
the incubator, it is removed, the shell is wiped off with 95 per cent 
or preferably 100 per cent alcohol, and with the aid of a pair of 
forceps that have been sterilized, an opening with smooth edges 
is made in it and the contents allowed to slide gently into the 
dish containing the fluid which should be of the same temperature 
as the egg. 

If the dish contains sufficient fluid the egg will quickly right 
itself so that the embryo is on top. Even slight differences of 
temperature seem to be fatal to the success of the experiment, 
and on this account, it is better to conduct the whole process of 
transferring the egg from its shell to the dish in some kind of 
warm chainber, such an one as can readily be constructed in the 
laboratory. When the egg is in the dish and covered, the proc- 
ess of development may be observed through the glass top with- 
out exposing the contents to the air. 

The earlier in development that the transfer is made, the greater 
is the chance of failure, but when the embryo has attained the 
size seen under normal conditions at about the 26th-27th hour 
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of incubation, the operation is nearly always accomplished with- 
out serioys injury to the growing organism. 

The action of a variety of fluids upon the embryo were observed 
and a brief account of some of the effects that were hoted will 
now be given: 

The constituents of Ringer's solution were tried singly and in 
combination. NaCl in varying strength from 0.5 per cent to 
2 per cent if uncombined,, with other salts at once killed the 
embryo, but development although apparently taking place 
at a slower rate than normal, followed when the egg was placed 
in 0,7 per cent solution of NaCl to which 2.7 cc, of a molecular 
CaCb solution was added. The record of all my experiments 
show that the rate of development is retarded in the sodium- 
calcium solutioris, and the vitality of the embryo is also weakened. 

The extremely interesting fact in connection with this experi- 
ment is that the presence of such minute quantities of calcium 
is sufficient not only to protect the life of the embryo, but also 
to insure at the proper time the incidence of the cardiac move- 
ments. The same observation with practically similar results 
was made upon the eggs of trout. In the presence of these minute 
quantities of calcium, when combined with sodium, the regular 
and rhythmical pulsations of the heart begin, and are continued 
for several hours with increasing force and rate, but later the 
embryo dies. 

The calcium alone is not sufficient to insure the continuation 
of the developmental processes. In solutions to which KCl 
(6.3 cc. of a molecular solution) has been added, in addition to 
NaCl and CaCs growth seems to take place at a normal rate. 
The effect of MgCh alone upon the growth of the embryo chick 
and its relations to the primitive movements of the heart has not 
been experimentally determined, but my impression Is that the 
solutions containing MgCb when not combined with CaCb and 
NaCl are highly toxic. 

The effect of urea in strengths varying from 0.5 to 2 per cent 
either alone or combined with NaCl does not act as a stimulus 
to growth and the embryo soon dies when placed in solutions 
containing this substance. 
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Embryos detached from the egg and floated in any of the solu- 
tions named, live but a short time and the incidence of Jhe prim- 
itive movements of the heart in these detached specimens is 
never observed. 

Caution should be observed in basing any deductions in regard 
to the immediate action of the various salts upon the incidence 
of the cardiac pulsations. It does not seem probable that the 
failure of the detached embryos to develop is purely the result 
of shock, but is due chiefly to the absence of nourishment supplied 
by the egg. 
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Publish catalogues and pamphlets of unusual scientific interest and value, 
gcient^ts in the Unit^ States may secure these publications from us 
promptly at all times with additional information as to the various products 
of the &iss works. The latest and most important of these publications 
are as follows : 


MICROSCOPES AND ACCESSORIES. 

Mflcro 184. Catalocae Micrguope* and Acce»o- 
ries. 

M3av 221. Pamphlet on CrytuUizotioD Microscope 
after Lehmann. 

Miko 227-231. PemphleU on Ultra-micriMCOpy and 
Oarh-ground Illumination App&ratua. 

Mikro 236. Pamphlet on LargeiA4iicro*cope Stand IS. 

MikK> 259. Pamphlet OD New Laboratory Microscope 
Stand V. 

Mikro 263. Pamphlet on Microscopic Apparatus for 
Examination of Lamp Filaments. 

Mikro 306. Pamphlet on Siedentopf* Cardioid-UI- 
tramicroacope. 

Mikro 308. Pamphlet on Notes on Choice of Uhra- 
microscopic Apparatus. 

projection AND PHOTO-MICROGRAPHIC. 

Mikro 264. Catalogue of Photo-micrographic Ap- 
paratus. 

Mikro 239. Catalocue cdLarge ProjectionApparatus. 

Mikro 69. Pamphlet on Outfits for Photo-micro- 
graphp of Metals. 

Mikro 170. Pamphlet on Photo-micrographic Outfit 
for Ultra-violet Light. 

Mikro 182. Pamphlet on Double Projection Ap- 
aratua. 

Mikro 189. Pamphlet on Projection Microsccme for 
Low Ma«aificatioaa. 

Mikro 20S. Pamphlet on Apparatus for the Projec- 
tion of Spectra. 

Mikro 234. Supplemoot to Mikro 1 70. 

Mikro 235. Pamphlet on Apparatus for the Projection 
of ExperimenU with Poianzed^gfat 

Mikro 237. Pamphlet on Bibliography of Microscopic 
Experiments with Ultra-violet Light. 


Mikro 238. Pamphlet on Horizontal Vertical Camera. 

Mikro 242. Pamphlet on Projection Polarisoope. 

Mikro 243. Pamphlet on Epidiascope for Prmectioil 
<d Opaque Objects, Microtopie Objects 
and Lantern Slides. 

Mikro 255, Pamphlet on Projectioa Drawing Appa- 
ratus after Gr«t 

Mikro 257. Pamphlet on Driiner’s Stereoscopic 
Cametn. 

Mikro 265. Pamphlet on Projection Screens witb 
Metallic Surface, 


OPTICAL MEASURING INSTRUMENTS. 

Mess. 160. Catalogue ol Optical Measuring Instru- 
ments. 

Mess. 83. Pamphlet on Pulfrieb Stereo-Comparator. 

Mess. 106. Pamphlet on Ackerman's Cgkalating 
Disc for Use witb Dipping Refractonieter- 

Mess. 121, 143 and 178. Pamphlets on Bibliography 
of Reftactometrical Literature, 

Mass, 140. Pamphlet on Model **D” Stereo- Com- 
parator. 

Mess. 146. Pamphlet on Stereoroeter after Pulfrich. 

Mess. 148. Pamphlet on Comparison and Hand 
Spectroscopes. 

Mess. 152. Pamphlet on Micrometer Microsc<H>es. 

Mess. 153. Pamphlet on AutocolUmation Spectro- 
scope for Visible and Ultra-violet Light. 

Mess. 165. Pamphlet on Dipping Refractometer. 

Mess. 172. Psimphlet on Abbe Refractometer. 

Mess. 173. Pamphlet on Butter Refractometer. 

Mess. 174. Pamphlet on Zeiss Stereoscope. 

Mess. 168. Pamphlet on PuUrich Refractometer. 

Mess. 191. Pamphlet on Pulfticb Photo Theodolite. 


All prices ia Marks are net at Zeiss works, Jena. Prices in U, S. currency, t o, b. 
Philadefea, boxing and all charges included, are obtained by applying the rate of 25 
cents per Mark for duty free importation and 36 cents per Mark for duty paid importation. 


Importation through our medium saves time, trouble and expense. 


Arthur H. Thomas Company 

IMPORTERS AND DEALERS 

Microscopes, Laboratory Apparatus and Chemicals 

1200 WALNUT STREET, PHILADELPHIA 



THE 

Charles Otis Whitman 
Memorial Volume 

Volume 22. 1911 

of the 

Journal of Morphology 

This volume was originally intended as a testimonial 
by former students and colleagues to the founder of the 
Journal of Morphology, Professor Charles Otis Whitman, 
In view of his untimely death it becomes a Memorial 
Volume, 

In addition to a large number of scientific papers by 
Professor Whitman’s students and associates, illustrated 
with numerous plates and text figures, it will contain a 
biographical sketch with portraits of Professor Whitman. 

The edition of this Volume will be sufficient to sup- 
ply special orders in addition to the regular subscriptions 
to the Journal of Morphology. Those, not already sub- 
scribers to* the Journal, who may desire this volume are 
requested to send their orders to the Wistar -Institute of 
Anatomy and Biology, 36th Street and Woodland Avenue, 
Philadelphia. 


Subscription Price, $9.00, postpaid to all countries. 


No- 4 will be published December 20. 



BAUSCH & LOME 

NEW COMBINED DRAWING AND 



PHOTOMICROGRAPHIC APPARATUS 


for use in drawing and photographing gross and microscopic objects. 
Attachments can be added for Micro and Lantern Slide Projection 
and for the drawing of opaque objects. 


Full description in Circular 18 C will be sent on request. 


Oar name, hacked by o^er half a century of experience, is on all 



oar prodacts-r lenses, microscopes, field glasses, pro- 
jection apparatus, engineering and other scientific 
instruments. 


Bausch ^ Ipmb Optical 

NEW YORK WASHINGTON CHICAGO SAN FRANCISCO 

LONDON ROCHESTER., N.Y. '^“ankfort 




MEMOIRS 

OF 

THK WISTAR INSTITUTE OF ANATOMY AND BIOLOGY 

The publication of a series of Anatomical Monographs has been under- 
taken with the purpose of presenting the results of original investigation 
in Anatomy which are too extensive for incorporation in the already over- 
crowded current periodicals. 

JUST ISSUED 
MEMOIR No. 2 

CONTRIBUTION TO THE STUDY OF THE HYPOPHYSIS CERE- 
BRI WITH ESPECIAL REFERENCE TO ITS COMPARATIVE 
HISTOLOGY 

BY 

Feederick Tilney 

Asstodate in Anatomy, Columbia University, New York City 

Part I contains a historical review of the literature. 

Part II deals with the comparative histology of the pituitary gland and 
gives a report of six hypophysectomies performed upon cats. 

This memoir contains 72 pages of text, 2 text figures, 60 photomicro- 
graphs and plates. Sent post paid to any country for $1.50. 

PREVIOUSLY ISSUED 
MEMOIR No. 1 

THE ANATOMY AND DEVELOPMENT OF THE SYSTEMIC 
LYMPHATIC VESSELS OF THE DOMESTIC CAT 

BY 

George S. Huniington 

Professor of Anatomy, Columbia University, New York City 
This monograph states in a few pages the various theories held in regard 
to lymphatic development in general and then proceeds to present the 
result, of six years’ careful investigation on mammalian lymphatic develop- 
ment. 

Part I deals with the development of the systemic lymphatic veseela in 
their relation to the blood vascular system. 

Part If deals with the development of the preazygoa and azygos seg- 
ments of the thoracic duct. 

This memoir contains 175 pages of text, 8 text figiu’es (two in color), 
254 photomicrographs and 21 colored plates. 

Memoir No. 1 sent post paid to any country for $4.00. 

Orders should be addressed and checks made payable to 

THE WISTAR INSTITUTE OF ANATOMY AND BIOLOOY 
36th Street and Woodland Avenue 
Philadelphia, Pa. 



WHITE 

RATS 


For Scientific Purposes 
Any Age Any Number 


Eugene Townsend 
Ocean View, Cape May Co., N. 



NEW SPENCER 

Rotary Microtome 



ENTIRELY NEW CONSTRUCTION 


PATENT PENDING 

A ROTARY MICROTOME FOR PARAFFIN AND CELLOIDIN 
WORK, BUILT WITH AN INCLINE PLANE FEED WHICH fs 
ENTIRELY INDEPENDENT OF ANY INACCURACIES DUE 
TO THE UP AND 130 WN MOVEMENT OF THE OBJECT 

The whole mechanism is covered. 

It is convenient and easy to adjust. 

It feeds when the object is above the knife. 

The knife is rigidly clamped at the edge as well as the back. 

The object clamp is absolutely rigid, of great capacity, easily and 
accurately oriented. 

The up and down stroke is sufficient for cutting very large sections 
and for celloidin work. 

The total excursion of the feed is 37 mm., double that of most 
microtomes. , ; 

The feei^may be set for any thickness from one micron to sixty microns, 

A ROTAR,Y MICROTOME WHICH WILL CUT ACCURATE 
• SECTIONS OF A DEFINITE THICKNESS, EACH SECTION 
HAVING THE SAME THICKNESS AS ITS NEIGHBOR. 

IT SOLVES THE PROBLEMS 
OF SECTION CUTTING 
ACCURACY -CONVENIENCE -RELIABILITY | 

DESCRIPTIVE CATALOGUE JUST READY 

SPENCER LENS CO., buffalo, n.y. 








